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term castrates, androgens stimulate secretion (the 
differentiated function of the prostate) but not DNA 
synthesis or cell division. Long term castrates, whose 
prostates contain less than the normal cellular complement, 
respond to restoration of hormone by proliferating until the 
number of cells has returned to normal. Proliferation is 
preceded by a period of 1-2 days during which no DNA 
SyeLthesis or cell division occur; the duration of this lag 
period does not seem to be affected by the length of time 
between castration and initiation of treatment. All the 
cells that survive castration appear to participate in the 
regeneration of the prostate. Once proliferation has 
restored the normal cellular complement, DNA synthesis and 
production of cells are turned off. This limitation on 
prostatic size does not appear to be due to depletion by the 
cells of some substance essential for division, nor to loss 
of response to hormone, since secretion Coneannes to be 
stimulated. It is concluded that there exists in the 
prostate an internal homeostatic mechanism that limits the 
number of cells in the prostate to the normal number. If the 
cellular complement is smaller than normal, androgens are 
necessary for its restoration, but they cannot override the 


internal control mechanism. 
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I. INTRODUCTION 12 


Primitive, single celled organisms are adapted to grow 
at the fastest rate possible subject only to the limitations 
of the existing environmental conditions. For these 
organisms the process of cellular division is also the means 
by which the species is propagated and thus in a 
teleological sense a rapid growth rate is designed to ensure 
Survival of the species. Because these organisms are single 
celled, each cell must have the capability of performing all 
the functions required for survival of the organism. AS one 
moves up the evolutionary scale, perhaps the most striking 
change observed is an increasing tendency towards 
specialization, or differentiation, of cells so that any 
given cell performs only a small part of the functions 
necessary for the viability of the whole organism and in 
turn depends on the functions performed by other cells for 
its own survival. This type of organization of multicellular 
organisms introduces the need for cooperation, or 
communication, among individual cells. One aspect of 
functional specialization of cells is that the process of 


cell division has lost its reproductive function; instead it 


1 Because of the wide range of material covered in this 
introductory chapter, few specific literature references are 
quoted. Footnotes at the beginning of each section designate 
reviews from which these references can be obtained. 
References dealing specifically with the experimental system 
are cited in the introduction of each chapter. 
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serves to establish the appropriate numbers of cells in 
various tissues during development of the adult animal, and 
then to maintain these numbers within the limits conducive 
to most efficient functioning of the tissue within the body 
as a whole. The problem as to how cellular proliferation and 
differentiation are regulated is one of the main ones of 
biology today. For reasons which will be outlined below, the 
response of the rat prostate to androgenic hormones has been 


chosen as a model system for the study of this problem. 


The development of a multicellular adult animal from a 
Single oocyte is a process that can be reduced in its basics 
to a series of cellular divisions accompanied by increasing 


differentiation of the progeny cells to functional tissues. 


The key to regulation of this complex process is 
undoubtedly intercellular communication. In the early stages 
of development, when semi-differentiated precursors of organ 
systems are emerging, spatial relationships among cells 
appear to be the main factor, and communication between 
cells is probably direct. At later stages indirect or long 
distance communication mediated by factors such as hormones 
becomes very important, and continues to do so into adult 


tztet 


1 For reviews, see Baserga (1971), Cameron and Thrasher 
(1971), Cameron et al (1971). 
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Lt is now well established that functional 
specialization of cells does not result from loss of genetic 
information but rather from restricted expression of this 
information, since under certain conditions differentiated 
Single cells Od certain organisms are capable of 
regenerating an entire organism. Thus in order to understand 
differentiation it is ultimately necessary to determine how 
gene expression is regulated. Considerable progress has been 
made in this area, but it is not yet possible to reduce the 


problem to this level. 


In the adult animal, tissues can be classified into 
three main types with regard to their proliferative status. 
Firstly, there are the tissues that are either incapable of 
proliferating, such as nervous tissue, or that proliferate 
very slowly, such as lung, cardiac muscle, and skeletal 
muscle. These tissues appear to be permanently 
Ep ee Secondly, there are the rapidly turning over 
tissues, such as skin, intestine, bone macrow, and 
seminiferous tubules of the testis. This latter group is 
generally characterized by the existence of a self-renewing 
"stem" cell population. This subpopulation proliferates 
continuously and provides a constant supply of 
differentiated cells to replace those lost as a result of 
functional turnover. The rate of proliferation in these 
tissues is matched to the rate of cell loss so as to 


maintain a constant tissue size. Hence in the case of skin, 
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for example, cell damage by wounding leads to an increased 
proliferative rate. Thirdly, certain tissues normally 
proliferate slowly but are Eavenic GE rapid: proliferation: in 
response® to anh appropriate: stimulus, e.9g.; liver, uterus, 
Mammary gland, prostate, and seminal vesicles. In the case 
of liver an appropriate stimulus is removal of part of the 
ergan, while for the latter four organs the stimulus is 
hormonal. In these tissues the majority of the surviving 
cells is characteristically involved in ine proliferative 
response, and proliferation generally stops once the normal 


functional size has been restored. 


Puoliterati on ssa pcycisical) process; with .one cell 
giving rise to two genetically identical daughter cells. 
These daughter cells can re-enter the proliferative cycle 
and divide again, or they can differentiate. On a 
cytological basis, the cell cycle can be divided into two 
phases - mitosis, during which the chromosomes condense to 
recognizable structures and are partitioned between the two 
daughter cells and actual cell division occurs, and 
interphase. Within interphase there is a discrete period 
during which the DNA of the cell is replicated, called the 
DNA Synthetic; oc’S>; “phase: This ‘phase can’ be «detected 
biochemically by incorporation of a labeled DNA precursor. 
The time between completion of mitosis and initiation of the 
next round of DNA synthesis is called G1, and the period 


between completion of DNA synthesis and onset of mitosis is 
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cCabliede;G2.JeThe.-durations. ,of S, G2, and mitosis are 
relatively constant in different proliferating populations, 
being approximately 6-12 hours, 2-6 hours, and 1 hour 
respectively. The ee variaticn in the total cell cycle 
time is in the duration of G1, which can vary from hours in 
the. case of rapidly proliferating populations to days, 
months, or even years in slowly proliferating populations. 
Cells that have left the proliferative cycle and 
differentiated are considered to be in a phase called G0. In 
practice, however, it is difficult to distinguish cells in 


GO from those with a very long G1 phase. 


The relationship between proliferation and 
differentiation is one that has caused considerable 
discussion. As a general rule there seems to be an inverse 
relationship between the two, i.e., proliferating cells tend 
to be less differentiated and differentiated cells tend not 
to proliferate. However the relationship appears to be more 
one of degree than an absolute one. Another interesting 
concept that has emerged is that proliferation may in fact 
be necessary for differentiation since, in several systems 
studied, proliferation appears to precede differentiation, 
and inhibiting proliferation can inhibit differentiation. 
This concept is reasonable because the process of 
replication of the genome would provide an opportunity for 


rearrangement of the elements regulating gene expression. 
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REGULATION OF PROLIFERATION ? 


In terms of cell populations as a whole, two levels of 
regulation can be recognized: external regulation and 
internal regulation. External regulation is regulation by 
elements from outside the tissue and is generally 
stimulatory. Examples of external regulation include the 
action of various mitogenic hormones on their target 
tissues, such as androgens on seminiferous tubules or male 
sex accessory glands, estrogens on breast or uterus, 
isoproterenol on salivary gland, and adrenocorticotropic 
hormone on the adrenal cortex. Internal regulation is 
regulation by elements produced within the tissue being 
regulated. A logical way for a tissue to maintain a constant 
cell number would be a negative feedback control system in 
which each cell would produce inhibitors of proliferation 
that would act on the population as a whole. Loss of cells 
would result in decreased production of the inhibitor, thus 
freeing the remaining cells to proliferate. As the cellular 
number increased, the concentration of inhibitor would rise 
until it was high enough to inhibit further proliferation. 
Presumably this would occur when the number of cells had 
returned to the normal level. Such mitotic inhibitors have 
been described and have been called chalones (Bullough et 


al, 1967). They have been implicated in growth regulation of 


1 For reviews, see Baserga (1971), Cameron and Thrasher 
(1971), Cameron et al (1971). 
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the epidermis, the granulopoietic and erythropoietic 
Systems, and the liver. For many tissues it is quite 
possible that both external and internal levels of 


regulation are superimposed on one another. 


In terms of the cell cycle, agents that stimulate 
proliferation can do so either by inducing previously 
nonproliferating cells to enter the cell cycle or by 
speeding up the progress of those cells already in the cycle 
through the cycle. In the first case, the growth fraction 
(chase ve, Lhe fraction sof ‘cells in the population) that is in 
the proliferative cell cycle) is increased, and in the 
second the cell cycle time is reduced. Most regulators of 
proliferation appear to have both effects. Because 
nonproliferating cells are generally arrested in Gi (that 
is, when stimulated to proliferate they must replicate their 
DNA before dividing), this stage of the cell cycle is 
considered to be the one during which the major regulatory 
events occur. Once cells have started DNA replication, they 
usually proceed immediately through S, G2 and mitosis 
provided RNA and protein synthesis are not inhibited. There 
has been a report (Gelfant, 1962) of mouse epidermal ear 
cells arrested for long periods of time in G2. When 
stimulated to proliferate these cells divide within a few 
hours without first replicating their DNA. However this 


phenomenon does not appear to be widespread. 


Cancer is essentially a disease of unregulated growth. 


It is now recognized that malignant cells do not necessarily 
proliferate faster than all normal cells, although malignant 
cells derived from a given tissue tend to proliferate more 
rapidly than normal cells from that tissue. The principal 
characteristic of malignant tissues is that the rate of cell 
production exceeds the rate of cell loss, so that in 
contrast to the normal state there is a constant increase in 
tissue mass. The neoplastic cells tend to be less 
differentiated than their normal counterparts. Usually it is 
Still possible to recognize the tissue of origin, but the 
cells have lost to varying degrees the ability to perform 
the differentiated functions cf that tissue. A second 
important characteristic of malignant cells is their ability 
to metastasize, or spread to tissues beyond their tissue of 
origin. It is quite possible that one of the defects in 
neoplastic cells is impairment of the ability to communicate 


among themselves and with normal cells. 


Despite almost a century of research, however, the 
fundamental nature of the abnormality in malignant cells is 
Stand unclear. A major step towards elucidating this 
abnormality would be discovery of the mechanisms governing 
the proliferation of normal tissues, in order to provide a 
standard for comparison of mechanisms operating in cancer 
cells. For these types of studies it is definitely 
advantageous to work with a tissue whose proliferative 


status can be manipulated at will. 
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Among the external regulators of proliferation 
mentioned previously, the androgenic hormones are the chief 
regulators of the proliferation and differentiation of all 
the male sexual tissues except the testes and hence are the 
essential hormones for the development and maintenance of 
the primary male sex characteristics. At puberty the 
increased levels of androgens result in emergence of the 
secondary male sex characteristics, and sustained high 
levels of androgens are necessary for retention of these 


characteristics in the adult. 


ANDROGENS _AND_ PRIMARY MALE SEX CHARACTERISTICS ? 


During the earliest stages ape embryological 
development, all embryonic structures necessary for the 
development of either sex are present. The indifferent gonad 
is composed of a primordial cortex and medulla. Both 
Wolffian ducts, the progenitors of the male urogenital 
tract, and Mullerian ducts, the progenitors of the female 


urogenital tract, are present. 


The first step in sex differentiation is gonadal 
Gifferentiation. In males, the medulla of the indifferent 
gonad expands, enveloping the germ cells, and the cortex 


regresses. in females, the gonadal cortex becomes 


1 These aspects of androgen acticn have been reviewed by 
Burnse (1961); Galliene (1965), Price and: Ortiz, (1965), Wells 
(1965) and Jost (1970). 
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predominant and incorporates the germ cells, and the medulla 
shrinks. The testis then differentiates rapidly while the 
ovary remains undifferentiated for some time. This stage of 
development is undoubtedly under genetic control with an 
uncertain factor originating from the Y chromosome probably 
responsible for development of the male gonad. In mammals, 
administration of sex hormones does not affect gonadal 


differentiation. 


The course of subsequent development depends on the 
presence or absence of testes during several critical 
developmental stages. The testis secretes androgens, which 
are the same as the adult hormones. The androgens are 
responsible for development of the Wolffian ducts and the 
structures derived therefrom - epididymis, vasa deferentia, 
seminal vesicles, and prostate. There are certain critical 
stages in development during which androgens must be 
present, but after the critical stages, hormone is no longer 
necessary. In addition to androgens the testis also secretes 
some unknown substance that causes the Mullerian ducts to 
atrophy. In the absence of a testis, as in the case of 
females or neonatal castrates of either sex, sexual 
development follows the female course. The Wolffian ducts 
are lost and the Mullerian ducts give rise to the internal 
female genitalia - oviduct, uterus and vagina. These 
structures do not require hormone for their development but 


development is accelerated by estrogens. Androgens can 
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replace the testis insofar as development of the Wolffian 
ducts is concerned, but cannot cause atrophy of the 


Mullerian ducts. 


The external genitalia also follow the female course of 
development in the absence cf hormonal stimulus, but are 
more susceptible to hormonal effects than are the internal 
genitalia. Administration of female sex hormones to males 
inhibits penile development and stimulates mammary gland 
enlargement. Conversely, male sex hormones stimulate 
clitoral enlargement and inhibit breast development in 


females. 


Neural structures mediating sexual behavior are 
patterned by the presence or absence of normal testes during 
a critical period just before or after birth, depending on 
the species. Presence of testicular hormone imposes the male 
pattern upon neural structures in the hypothalamus. In the 
absence of androgens the female pattern develops. Because 
the hypothalamus regulates pituitary function, these 
hormonal effects also result in the male pattern of gonado- 
stimulatory activity of the adult pituitary or the cyclic 


female pattern. 


The pituitary does not appear to be involved in the 
primary differentiation of sex. Early hypophysectomy has no 
effect on gonadal development. Hypophysectomy prior to 


development of accessory sex structures does not produce any 
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essential change in the course of differentiation, but 
development is retarded as a result of decreased gonadal 


secretory activity due to lack of gonadotropic stimulation. 
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The male reproductive system remains in an immature 
state until the time of puberty, when pituitary gonadotropin 
secretion begins. Follicle stimulating hormone (FSH) acts on 
the seminiferous tubules to induce and maintain 
spermatogenesis. Interstitial cell stimulating hormone 
(ICSH) causes testicular Leydig cells to differentiate and 
to secrete testosterone. Lt. °rs” this’ “stimulation” of 
testosterone secretion that results in development of 
secondary sex characteristics such as growth of facial and 
body hair, enlargement of external genitalia, lowering of 
voice, recession of scalp hair, growth spurt, libido and 
sexual potentia. In addition, testosterone is involved along 
Wit rsh “ant cstinutlation ick spermatogenesis. Finally, 
testosterone produces enlargement and development of 
secretory activity of the accessory sex organs, such as 
prostate and seminal vesicles. All these effects can he 
produced prematurely in immature animals by administration 


of androgens. 


All the secondary sex characteristics are reversible, 


——- ee 


1 For review see Paulsen (1962). 
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and in the adult require the continuous presence of 
testosterone for their maintenance. Thus, for example, 
castration or administration of antiandrogens results in 
atrophy of the prostate and seminal vesicles and hormonal 
restoration stimulates regeneration of these organs. Hence 
these tissues provide a readily manipulable system for the 


study of proliferation and differentiation. 
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The prostate is the only male sex accessory gland 
common to all orders of mammals. However the anatomical and 
histological structure and chemical composition of this 
organ vary markedly between orders, and sometimes even 
between families within orders. In addition, the prostate of 
a given species often contains regions which differ greatly 
from one another. For example the rat prostate comprises 
three paired lobes - ventral, dorsal and lateral - which 
differ in histological structure, chemical composition and 
response to hormonal stimuli. The human and canine prostates 
ape!’ moti lobed, but within the» glandular body can be 
distinguished two distinct histological zones, the central 
zone and the peripheral zone. Thus direct extrapolation of 
information about the prostate between species is not valid. 


Nevertheless, the basic functions and control mechanisms 


1 Reviewed by Price and Williams-Ashman (1961) and by 
Schoonees (1971). 
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among various species are probably quite similar, with 
differences generally quantitative rather than qualitative. 
the organ ‘studied in this thesis is the rat ventral 
prostate, but the discussion that follows will concentrate 
on the aspects of prostatic structure and function common to 


all species, unless otherwise mentioned. 


All prostates consist of a number of alveoli composed 
of a secretory epithelium surrounding a lumen (Moore et al, 
1930). Ducts leading from the alveoli empty into the 
urethra. The epithelium is typically columnar. Nuclei are 
located at the base of the cells and have conspicuous 
nucleoli and chromatin particles. There is a supranuclear 
clear zone or light area in the cytoplasm corresponding to 
the Golgi zone. The alveoli are surrounded by a continuous 
basement membrane resting on a stroma of connective tissue 
containing smooth muscle and blood vessels. Electron 
microscopy reveals a structure of a typical secretory cell, 
with considerable rough endoplasmic reticulum, a conspicuous 
Golgi complex, and the apical membrane forming numerous 


microvilli extending into the lumen. 


The only known function of the prostate is to secrete a 
part of the seminal plasma. Substances found in appreciable 
quantities in the prostatic secretion include zinc, fructose 
(cat dorsal prostate and coagulating glands only), the 
polyamines spermine and spermidine, citrate (rat and human), 


amino acids, prostaglandins, various small proteins, and 
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several enzymes, most notably acid phosphatase and alkaline 


phosphatase. 


All aspects of prostatic function are under the direct 
control of androgens. Castration of an adult animal results 
in a general decline in metabolic activity of the prostate 
followed by decreases in cell size and less of cells (see 
Chapter III). These effects can be prevented or reversed by 


administration of androgens (see Chapter IV). 


In addition to androgens, several other hormones have 
effects on the prostate, either directly or indirectly by 


affecting the levels of androgen available to the prostate. 


Estrogens can either inhibit or stimulate the prostate, 
depending on several factors including age and species of 
the animal, the part of the prostate studied, the parameter 
of prostatic function measured, the type, dose and duration 
of estrogen administration, and the androgenic status of the 
animal. In normal males the predominant effect of estrogen 
administration is: atrophy: of« the) “prostate. This is an 
indirect effect due to feedback inhibition of pituitary 
gonadotropin secretion, resulting in failure of the testes 
to produce androgens, i.e., essentially pharmacologic 
Castration, in’ castrate animals’ “or, in) (organ culture, 


1 For review, see Schoonees (1971). 
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estrogens stimulate fibromuscular tissue and produce 
hyperplasia and squamous metaplasia of epithelial cells. 
However secretory activity of the epithelium is never 
stimulated by estrogens. In cases where estrogens and 
androgens are present simultaneously, the overall effect 


depends on the relative levels of the two. 


Several pituitary hormones have effects on the 
prostate. The gonadotropin ICSH has major indirect effects 
by stimulating the Leydig cells of the testis to secrete 
testosterone. Both prolactin and growth hormone appear to 
act directly on the prostate. Although neither has very 
marked effects when administered alone to hypophysectomized- 
Castrated animals, both hormones potentiate the action of 
testosterone in stimulating prostatic growth and function. 
This synergistic effect could possibly be mediated at the 


level of uptake or metabolism of androgens by the prostate. 


Both from studies in alloxan-diabetic rats and in organ 
culture, insulin also appears to have direct effects in 


augmenting testosterone action on the prostate. 


The adrenal glands secrete small quantities of 
androgens that are insignificant relative to normal 
testicular production. However, output of adrenocortico- 
tropic hormone (ACTH) rises following castration due to loss 
of feedback inhibition by androgens, and the resulting 


increased production of adrenal androgens may have 
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detectable effects on the prostate in this situation. The 
major hormones secreted by the adrenals, the 
corticosteroids, may possibly have minor effects in 


modulating androgen action. 


Thyroid status of the animal affects prostatic growth 
and function, probably as a result of the effects of thyroid 
hormones on metabolism and excretion of testosterone. 
However no direct effects on the prostate have been 


demonstrated. 


Hence, despite the multiplicity of hormones that have 
effects on the prostate, the inescapable conclusion is that 
the growth and function of the prostate essentially depend 
exclusively on the androgenic status of the animal. This 
fact, plus the apparent homogeneity of cell structure and 
presumably hormonal response, and the ready availability of 
sufficient quantities of tissue for biochemical studies make 
the androgen-stimulated rat prostate an excellent system for 
the study of the regulation of cellular proliferation and 
differentiation. In addition, the existence of two common 
abnormal growth conditions of the prostate greatly enhances 


the usefulness of any information derived from this system. 
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statisticsrindscate that; «prostatic! carcinoma “is «the 
third most common cause of death from neoplastic disease in 
men in the United States (American Cancer Society, 1970), 
and the condition of benign prostatic hyperplasia occurs 
almost universally in aging men. Unfortunately the 
occurrence of these conditions is confined to man, and no 
completely homologous animal models exist, although canine 
prostatic hyperplasia has characteristics similar to human 


benign prostatic hyperplasia. 


In man, prostatic carcinoma and benign prostatic 
hyperplasia arise in different regions of the prostate - 
benign prostatic hyperplasia in the periurethral, or 
central, region of the gland and carcinoma in the peripheral 
segments of the prostate. In benign prostatic hyperplasia 
the number of cells is increased but they do not seem to be 
abnormal. The condition does not appear to be precancerous 
and clinical problems arise only if the enlarged prostate 
obstructs urinary flow. Prostatic carcinoma cells, on the 
other hand, are characteristic of neoplastic cells in that 
they multiply in an uncontrolled manner and metastasize to 
other tissues, although in early stages they may often 
resemble adult prostatic epitheliun rather than 


undifferentiated tissue. 
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1 For review, see Price and Williams-Ashman (1961) and 
Schoonees (1971). 
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Androgens appear to be involved in both benign 
prostatic hyperplasia and prostatic carcinoma, but almost 
certainly are not the sole causative factors. Benign 
prostatic hyperplasia is not observed in men castrated early 
in life, but castration or estrogen administration have 
little effect once the condition has developed, and androgen 
administration in later life does not increase the incidence 
of the condition. The majority of prostatic carcinomas, on 
the other hand, initially respond dramatically to castration 
or estrogen treatment but eventually recur and begin to grow 
again. This relapse may be due to change of cancerous cells 
to hormone independence and/or to selection of hormone 
independent cells. Androgens alone apparently cannot induce 
prostatic cancer, since they dc not increase its incidence 
in man or induce it in dogs. Their effects on established 
tumors are variable. Pee tetae tumors can, however, be 
induced in rats and mice by administration of chemical 
carcinogens such as benzpyrene or methylcholanthrene. Some 
of these are androgen dependent and their incidence is 
increased by simultaneous administration of estrogen but 


reduced by administration of androgen. 


The above findings indicate that androgens play an 
important role in both benign prostatic hyperplasia and 
prostatic carcinoma, but that additional factors are 
certainly involved. The understanding of the role of 


androgens in abnermal growth conditions would be greatly 
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clarified by elucidation of their role in regulating the 
growth and function of normal target tissues. With this end 
in mind, this thesis deals with the characterization of the 
various responses of the adult rat ventral prostate to 
hormonal manipulation and with the mechanisms regulating 


prostatic growth and function. 
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II. MATERIALS AND METHODS 


INTRODUCTION 


General methods used throughout this study are outlined 
in this chapter. Special procedures used in particular 
aspects of this work will be described in the "Materials and 


Methods" section of the appropriate chapter. 


MATERIALS 


General laboratory chemicals and reagents were 
purchased from Fisher Scientific Company (Montreal, P.Q.) or 
from Sigma Chemical Company (St. Louis, Mo.), unless 
specified otherwise. Ultra-pure sucrose was purchased from 
Schwarz/Mann (Orangeburg, N.Y.) and steroids were obtained 
from Steraloids, Inc. (Pawling, N.Y.). All water used was 
glass distilled and organic solvents were double glass 


distilled. 


Phosphate buffered saline (PBS), containing (©.14 M 
sodium chloride, 2.7 mM potassium chloride, 0.9 mM calcium 
chloride, ©.5 mM magnesium chloride, 8.1 mM monobasic sodium 
phosphate, and 1.5 mM dibasic potassium phosphate, was 
prepared after the method of Dulbecco and Vogt (1954). Tris 


butter, — ou 7.0, ‘contained ©0.01 M Tris (hydroxymethyl 
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aminomethane), 0.05 mM ethylenediamine tetraacetic acid 
(EDTA), 5 mM magnesium chloride, and 9.5 m™ mercaptoethanol 
in water, adjusted to pH 7.0 with hydrochloric acid at room 
temperature using a Radiometer pH meter (Copenhagen, 


Denmark). 


RADIOCHEMICALS 


—— a ES ee 


{Methyl-3H] thymidine (45-55 Ci/mmole) or [{[methyl-14c] 
thymidine (55mCi/mmol2e) were purchased from New England 
Nuclear (Boston, Mass.). Purity was checked monthly by thin 


layer chromatography on phos phoethyleneimine-cellulose 


0) 


plates (Brinkmann Instruments, Rexdale, Ont.) using water as 
the mobile phase and was considered acceptable only if 
thymidine plus thymine accounted for greater than 99% of the 


radioactivity. 


Liguid scintillation counting of aqueous samples was 
carried out using a Bio-solv cocktail containing 6 g of 2,5- 
diphenyloxazole (Amersham-Searle Corp., Arlington Heights, 
Be a 216 g Bio-solv (BBS-3; Beckman Instruments, 
Fullerton, Cabit is} and 45 ml water per litre of 
scintillation grade toluene (Fisher). Samples were depcsited 
in glass vials (Value Vials; Beckman) and radioactivity 
measured in a Beckman LS-250 automatic liguid scintillation 
system. External standardization was used to convert cpm to 


dpm, and efficiency of 3H counting was about 30%. 
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DNA_ DETERMINATION 


DNA was measured using the diphenylamine procedure of 
Burton (1956) with calf thymus DNA (Sigma) as standard. 
Color development was allowed to proceed at 30° for 16-20 
hours and optical density at 600 nm was determined with a 


Spectronic 20 colorimeter (Bausch and tLomb, Rochester, 


Adult male Wistar rats (270-340 g) were purchased from 
Woodlyn Laboratories (Guelph, Ont.) and maintained in the 
Health Sciences Animal Center on a diet cf Rockland rat chow 


and water ad libitum. 


Orchiectomy was performed via the scrotal route under 


ether anesthesia. 


Stock solutions of hormones were stored in 95% ethanol. 
Just prior to injection the hormone solution was diluted ten 
fold with 10% (v/v) polyoxyethylene sorbitan monopalmitate 
(Tween 40; Sigma). At the doses of hormone employed this 
dilution generally resulted in formation of a fine 
precipitate. Animals under light ether anesthesia were 
injected subcutaneously with 0.2 ml of this suspension per 
100 g body weight using a 25 gauge needle. Sites of 
injections were varied during the course of treatment. All 


injections were done between 9:30 and 10:30 a.m. 
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injections of other materials in sterile saline 


solutions were made intraperitoneally using a 22 gauge 


needle, 


At the appropriate time animals were killed by 
decapitation. Prostates were removed, stripped of connective 
tissue, placed in a beaker on ice, and weighed. Three to 


seven prostates were pooled for each experiment. 
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In_ vitro. The prostates (250-900 mg) were chopped with 
a Sorvall TC-2 tissue sectioner (Sorvall, Norwalk, Conn.) 
and washed with ice cold PBS. The tissue was resuspended in 
5 ml Minimal Essential Medium (Grand Island Biological Co., 
Berkeley, Calif; Catalogue number F-11) at 37° cC and 
incubated with gentle shaking in an atmosphere of 5% carbon 
dioxide, 95% oxygen (v/v). After 5 minutes of temperature 
equilibration 5 ml of the above medium containing 10 uCi 
fmethy1-3H ] thymidine/ml were added to give a radioactivity 
concentration of 5 uCi/ml and a thymidine concentration of 
60.02 mM in a total volume of 10 ml. Incubation was continued 
for a further 20 minutes. Incorporation was terminated by 
pouring the suspension over crushed ice and diluting it with 
ice cold PBS. The suspension was centrifuged in a Sorvall 
GLC-1 centrifuge (HL-4 rotor, Rav 12.5 cm) at 400xg for 5 


Min and the tissue washed once with ice cold PBS. Nuclei 
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were isolated as described below and sonicated using a 
Bronwill Biosonik ITI (Bronwill Scientific, Rochester, N.Y.) 
with two 10 second pulses at a setting of 40. Aliquots of 
the cytoplasmic fraction and the nuclear sonicate were 
counted EO determine radioactivity present in these 
fractions. The rest of the fractions were brought to 10% 
(W/v) with trichloroacetic acid (TCA). The precipitate after 
39 minutes at 0° was washed twice with 5 ml 5% (w/v) TCA and 
digested with 1.5 ml 0.5 N NaOH at 37° for 90 min. DNA was 
precipitated hy addition of 0.15 ml 7OX perchloric acid for 
30 min at 0° and hydrolyzed with 3 ml 1.6 N perchloric acid 
at 70° for 20 min. Aliguots of the resulting supernatant 
were assayed for radioactivity and for DNA content. Figure 1 
shows that after a lag period of 5 minutes incorporation 
proceeds linearly for at least 40 minutes, and Figure 2 
demonstrates that maximal incorporation is achieved with a 


radioactivity concentration of 5 uci/ml, corresponding to a 


thymidine concentration of 0.02 mM. 


In vivo. Animals were injected intraperitoneally with a 
dose of 50 uCi [methyl-3H] thymidines100 g body weight. 
Forty minutes later the animals were decapitated and 
prostates removed, placed on ice, weighed, chopped as above, 


and washed once with cold PBS. Nuclei were then isolated as 


described below and processed as for the in vitro assay. 
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DNA SYNTHESIS (dpm/ug DNA) 


200; 


Our ROW FOC Nr EN acOmmEEZ0 
TIME OF INCUBATION (min) 


FLoune “lAcTiwe tcourse (of (DNAcsynthesisicinivitrogs: Prostatic 
ninces from“) day castrates vtreated for 2 days !with 400 ug 
dihydrotestosterone/1090 g body weight (see Chapter IV) were 
incubated with 5 uCi {methyl-3H] thymidine/ml. After various 
times of incubation, incorporation of label into DNA was 
determined. Each value is the mean of two separate 


determinations. 
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7H THYMIDINE] (uci / mn 


Yaoutneme2.n Hbfiect;, Of eeconcentrationa toh" thymidine on DNA 
Syninesis 2h Vitro. Prostatic minces trom J day castrates 
treated for,62 ‘days withs400 (ug duhydrotestosterone 7/100 9G 
body weight (see Chapter IV) were incubated for 2C minutes 
With varying amounts of [methyl-3H] thymidine at a constant 
Svecinic a2cuivainry of 506 Ciymnole and inccrporation of Label 
into DNA determined. Fach value is the mean of two separate 


determinations. 
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All operations were carried out at 0-29, The chopped, 
washed prostatic tissue was suspended in about 20 ml of Tris 
buffer containing 0.25 M sucrose and 1.5 mM calciun 
chloride, and manually homogenized in a Dounce homogenizer 
(Kontes Glass Co., Vineland, N.J.) with 25 strokes of the 


loose fitting pestle. The sus 
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was filtered through 
three layers of gauze, homogenized with 10 strokes of the 
tight fitting pestle, and centrifuged at 70Cxg for 10 min. 
The supernatant was decanted and processed as the 


cytoplasmic fraction. 


Two alternative procedures were followed for processing 
the nuclear pellet, yielding either "crude" or "Triton- 
purified" nuclei. In the first case the nuclear pellet was 
washed in Tris buffer containing 0.05 M sodium chloride and 
1.5 mM calcium chloride and resuspended in 5 ml of the same 
solution. The suspension was centrifuged at 40xg for 2 min 
to remove debris, and the supernatant decanted as the 
"crude" nuclear fraction. Nuclei prepared by this method 
showed cytoplasmic adhesions under light microscope 
examination and considerable debris was generally present. 
This procedure yielded about 108% nuclei per g tissue and was 
used in experiments where cytoplasmic contamination was not 
important. Unless specified otherwise this was the nuclear 


isolation procedure employed. In cases where it was 


essential to have clean nuclei (Chapter J) the nuclear 
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pellet was washed with about 7 ml PBS containing 0.05% (w/v) 
octylphenoxy polyoxyethanol (Traton X-100; Sigma) ‘and 
resuspended in PBS. The suspension was centrifuged at 40xg 
for 2 min to remove debris and the supernatant decanted as 
the "Pri ton-purtftied" nucicar fraction... Light microscope 
examination revealed no visible cytoplasmic tags and very 
little debris. This procedure yielded 1.5-2x108 nuclei per 


gram tissue. 


TO determine nuclear yields, an aliquot of the 
suspension was stained with methylene blue and the number of 
nuclei counted using a Spencer Bright-Line Hemacytometer 


(AWwerican Oprical Corp. Burtalo, N.Y.) . 


Tn all experiments it is assumed that nuclear yields 
are constant and that the isolated nuclei represent a random 


sampling of prostatic nuclei. 
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Aliquots of nuclear suspension were centrifuged at 
700xg for 5 min. The pellets were resuspended in 1 ml 10% 
(v/v) PBS in water for 5 min to swell nuclei and then fixed 
twice in 1 ml acetic acid/methanol (3:1,v/v). After fixation 
the nuclei were resuspended in 0.2 ml acetic acid/methanol, 
applied to microscope slides, and air dried. The slides were 
dipped in Ilford L4 emulsion (Ilford, England), exposed at 


09 ain total darkness for 2-6 weeks, developed in Kodak D19 
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developer (Canadian Kodak Sales, Toronto, Ont.) and stained 


with hematoxylin and eosin. 


Alternatively, prostates were dehydrated, embedded in 
paraffin, and sectioned at 4 um thickness. The slices were 
applied to slides, rehydrated, and dipped in Kodak NTB2 
emulsion. After 4-6 weeks exposure the slides were developed 


in Kodak Dektol and stained with hematoxylin and eosin. 


For determination of percentages of labeled nuclei, 500 
or 1000 nuclei were counted at random three times and the 


results averaged. 
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Moore et al (1930) studied the cytologic changes 
occurring in the adult rat prostate fcllowing castration 
using the light microscope and found that within four days 
cell height is reduced, cytoplasmic structure begins to 
break down, and nuclei become small and pyknotic. These 
changes are confined mainly to epithelial elements 
(MacKenzie et es 1963) with the result that the 
interglandular stroma becomes relatively more prominent 
(Woodruff and Perez-Mesa, 1967) With the electron 
microscope, Harkin (1957) showed that within 24 hours the 
apical cisternae of the rough endoplasmic reticulum dilate. 
This is followed by their gradual collapse and depletion of 
ribosomes (Brandes and "Greth,; (963), “coinciding wath 
suppression of prostatic secretory activity. At the same 
time, large numbers of lysosomes appear (Brandes, 1966; 
Harkin, 1957; Harkin, 1963) and their hydrolytic enzymes are 
believed to be responsible for degradation and removal of 


cellular material (De Duve, 1959). 


A reduction in concentration of biochemical 
constituents of prostatic tissue and secretions, e.g., 


fructose, citrate and acid phosphatase, is among the most 
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sensitive indicators of the prostatic response to castration 
(Brandes and Bourne, 1963; Huggins, 1947; Kirchheim and 
Scott, 1965; Mann, 1964). The activity of several enzymes 
involved in prostatic secretory function decreases following 
castration (Singhal and Valadares, 1968). This is probably 
due to a reduction of prostatic RNA polymerase activity, 
resulting in a deficiency of ribosomal and messenger RNA 
which in turn leads to impaired protein synthesis. After 2 
days, less than 40% of this capacity remains (Brandes and 
Bourne, 1963; Mangan et al, 1967), and by 4 days the yield 
of prostatic ribosomes is reduced by 70% (Mangan et al, 
1967; Butler and Schade, 1958; Williams-Ashman et al, 1964). 
As expected, lysosomal hydrolytic enzymes such as acid 
phosphatase, aminopeptidase and esterases increase ac 
activity (Brandes, 1966). The respiration rate, oxygen 
consumption and rate of respiration-coupled synthetic 
activities of rat prostatic tissue decline following 
castration (Butler and Schade, 1958; Nyden and Williams- 
Ashman, 1953) due to loss of mitochondria (Edelman et al, 
1963; Pegg and Williams-Ashman, 1968). Anaerobic glycolysis, 
however, does not appear to be affected (Barron and Huggins, 
1944; Butler and Schade, 1958; Nyden and Williams-Ashman, 
1953; Price and Williams-Ashman, 1961). Because of loss of 
prostatic secretion and a relative decrease in cytoplasmic 
volume of epithelial cells, the DNA concentration increases 
(Rochakian; ©1963; Lostroh;) 12362; Williams-Ashman et al, 


1964), although the actual amount of DNA per prostate 
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decreases. 


In order to establish for regeneration studies (Chapter 
IV) the appropriate length of time between castration and 
initiation of hormone treatment, the precise time course of 
atrophy of the rat ventral prostate was determined. The 
parameters of wet weight and nuclear content were measured 
as adi caters of prostatic function, and rate tot “DNA 
synthesis and changes in nuclear content were used as 
indices of proliferative activity. In addition, studies were 
performed to test whether loss of cells from the prostate 
following castration is a random process or whether a 
particular subpopulation in the normal prostate might be 


predestined to survive castration. 


Decline of DNA synthesis, wet weight, and nuclear 
content of the prostate following castration. At various 
times after castration, prostates were removed and weighed. 
The rate of DNA synthesis was assayed in vitro and nuclei 
were isolated and counted as described in Chapter II. Figure 
3 shows that the immediate effect of castration is a decline 
in rate of incorporation of thymidine to 25% of normal by 
day 1 and to less than 5% of normal by day 6, indicating 
that what little proliferation there is in the normal 


prostate stops rapidly. Both prostatic weight and nuclear 


content remain within the normal range until day 4, and then 
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TIME AFTER CASTRATION (days) 


PrauTes ss. SELects: of castration on) the “prostate. Animals 
were castrated at day 9. At various times thereafter groups 
of rats were killed and prostates processed as in Chapter 
It. Values for normal animals are shown on the ordinate. 
Bach point represents the mean + S.E. for at least three 
experiments. 
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decrease to about 20% and 15% of normal, respectively, by 
day 7, after which time very little further change occurs. 
The decline in nuclear content and weight occur at the same 


rate, so that DNA concentration remains constant. 


Light microscope examination of prostate slices 
indicates that, as discussed in the Introduction, the main 
cytological effects of castration are greatly reduced 
epithelial height, decreased acinar size, and increased 


amounts of connective tissue between acini. 


Cell _survival following castration. In the normal 
prostate, there is a moderate rate of DNA synthesis, 
presumably to replace cells lost due to functional turnover. 
To test the possibility that these proliferating cells might 
preferentially survive castration, normal animals were 
continuously labeled with 3H-thymidine for 72 hours. 32 
hours after the last injection, by which time unincorporated 
label should have been eliminated, animals were castrated. 
At various times after castration animals were killed and 
both the amount of label present in the prostate and the 
labeling index (i.e., the percentage of labeled nuclei) 
determined. Figure 4 shows that both parameters remain 


essentially constant during prostatic atrophy, indicating no 


selective retention of labeled cells. 
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LEGEND 


e——e |abeling index 


% LABELED NUCLEI 


Ce Ors peciticnactivtly 


SPECIFIC ACTIVITY (dpm/10° nuclei) 


0 = a. 8 10 
TIME AFTER CASTRATION (days) 


FAQGUILE=U.S Survaval jofWabeled ‘cells **following” castration: 
Normal rats were injected intraperitoneally every 8 hours 
Wien > HCI Methyl | thynwidine/ 100 “g body "weight “for” a 
Lore of 9) “intections. S2 hours atter the least injec. ion, 
the ~enamais were “castrated. © AT various times after 
Gactrati On “Groups of ‘rats were killed and prostatieG nuclei 
isolated. Nuclear TadLoOactivary was determined by 
SGAlitsa. lation counting and the labeling index by 
autoradiography. ; 
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DISCUSSTON 


The above results suggest that the process of prostatic 
atrophy following castration can be divided into three 
distinct stages. ElAroriy, from days i Ns, following 
castration, the rate of DNA synthesis has fallen 
dramatically from the normal rate but wet weight and nuclear 
content remain in the normal range. Secondly, during days 3- 
6, wet weight and nuclear number decrease rapidly. Finally, 
after day 6, all three of these parameters are maintained at 
approximately the same reduced level. In the present study, 
prostatic weight decreased to 36 mg by 14 days after 
castration, the longest time studied. Burkhart (1942) has 
reported that after 409 days, prostatic weight decreases 
further to 14 mg (correcting for body weight of animals), a 
rate of about 3% per day, as compared to 25-30% per day 


during the period of rapid atrophy from days 3-6. 


The interpretation of the studies on cell survival is 
complicated by the possibility that proliferating cells in 
the normal prostate might produce labeled daughter cells 
that entered the population of differentiated cells and 
hence would not preferentially survive castration. The loss 
of these labeled differentiated cells might counteract any 
tendency for selective retention of labeled proliferating 
cells to increase the labeling index. However, the finding 
that the labeling index remains constant at 8% throughout 


the period of prostatic atrophy following castration 
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indicates that ‘overall loss of labeled’ cells is randon. 
Hence, selective retention of labeled cells in the 
proliferating compartment would have to be accompanied by 
selective loss of labeled cells from the differentiated 
compartment in order for the labeling index to remain 
constant; this possibility seems very unlikely. Therefore it 
appears that if there is a subpopulation of cells in the 
normal prostate that preferentially survives castration, it 
cannot be distinguished on the basis of its ability to 
incorporate labeled thymidine. This does not eliminate the 
existence of such a subpopulation which might be 
distinguished in other ways. However the lack of methods of 
permanently labeling or distinguishing cells other than 
labeled thymidine would appear to preclude further studies 


along these lines. 


In summary, the time course of atrophy of the rat 
prostate has been characterized in detail, and three stages 
in the atrophic process have been identified - shutdown of 
DNA synthesis, followed by rapid loss of cells, and then a 
period during which a reduced prostatic size is maintained. 
Based on ability to incorporate labeled thymidine, there 
does not appear to be a subpopulation in the normal prostate 


that preferentially survives castration. 
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IV. EFFECTS OF ANDROGENS ON DNA SYNTHESTS AND CELL DIVISION 
IN THE CASTRATE RAT PROSTATE 


INTRODUCTION 


Androgens can reverse all the cytological and 
biochemical changes that occur in the prostate following 
castration (Moore et al, 1930; Price and Williams-Ashman, 
1961). In fact, the response of sex accessory organs in 
castrate animals was used as a bioassay during the 
purification of androgens from testicular extracts (Moore et 


Ald, 1930)°. 


Burkhart (1942) performed the first direct study of the 
proliferative effects of androgens on the sex accessory 
organs of castrate rats. She injected various doses of 
testosterone propionate at daily intervals and measured the 
mitotic activity in prestate and seminal vesicle slices 
using colchicine to arrest cells in mitosis. In 40 day 
castrates a wave of mitotic activity occurred, beginning 
around 36 hours, peaking at about 48 hours, and ending 
around 96 hours after initiation of treatment. In shorter 
term castrates (10 and 206 days) the response was essentially 
the same. The time of the wave of mitotic activity depended 
to a small extent on the dose of hormone administered, 


occurring earlier with larger doses. The findings of 
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Burkhart have been confirmed in mouse prostate by Allen 


(1958). 


The first report of stimulatory effects of androgens on 
incorporation of 3H-thymidine by prostates from castrate 
rats was made by Sheppard et al (1965). Tncreased 
incorporation was observed after 2 days of treatment but not 
after 7 days. Williams-Ashman and coworkers (Kosto et al, 
1967; Coffey et al, 1968) performed more detailed studies of 
the effects of testosterone propionate in 7 day castrate 
rats on incorporation of 14%C-thymidine into DNA in vivo and 
bys peostatic slices in vitro, and on the activity of DNA 
polymerase. DNA polymerase activity required Mg++, denatured 
DNA template, ATP, and all four deoxynucleoside tri- 
phosphates. They found no effects after 24 hours, but a 
massive stimulation of ail activities by 48° ‘hours. 
Incorporation of thymidine peaked at 72 hours and DNA 
polymerase activity reached a maximum at 96 hours, and then 
all activities decreased rapidly despite continued daily 
administration of hormone, so- that” by 10 days  atter 
initiation of treatment they had returned to the normal 
levels. Hormone treatment stimulated increases in prostatic 
weight and in DNA, RNA and protein content. Maximal increase 
in DNA content occurred within two weeks and could not he 
increased further by treatment for as long as 25 days, but 
prostatic weight continued to increase up to 25 days. Some 


of these findings have been reproduced in rats by Doeg et al 
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(1972) and in hamsters by Giegel et al (1971). 


Bruchovsky and Wilson (1968a) and Anderson and Liao 
(1968) reported that dihydrotestosterone is selectively 
concentrated by rat prostatic nuclei after an intravenous 
injection of labeled testosterone. The enzyme responsible 
for the conversion is Salpha-reductase (Bruchovsky and 
Wilson, 1968a; Wilson and Gloyna, 1970). The cytoplasm 
contains many metabolites of androgens and dihydrotestoster- 
one comprises only 5% of cytoplasmic androgens, but 75% of 
the steroid in nuclei is dihydrotestosterone, with most of 
the remainder testosterone. Much of the intracellular 
steroid is found associated with specific protein receptors 
(Bruchovsky and Wilson, 1968b; Unhjem et al, 1969; Fang et 
abl, 19693 Mainwaring, 1969). The functional significance cf 
these receptors is unclear, but it seems likely that they 
may be involved in the selective uptake of dihydrotestoster- 
one by prostatic nuclei (Rennie and Bruchovsky, 1973). in 
prostates’ in organ culture (Baulieu) et -al,) 1968; Robel et 
al, 1971) testosterone is more active in maintaining 
epithelial height and stimulating secretion, while dihydro- 
testosterone has greater effects on epithelial hyperplasia. 
_In vivo Schmidt et al (1972) found that dihydrotestosterone 
produces a greater increase in DNA content of prostates of 
immature castrate rats than testcsterone, and Tuohimaa et al 
(1973) observed a slightly more rapid and extensive increase 


of labeling index in the prostates of one month castrate 
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adult rats in response to dihydrotestosterone as compared to 
testosterone. These findings indicate that the conversion of 
testosterone to dihydrotestosterone may be important in the 
proliferative effects “of andregens on target tissues. “Of 
interest in this regard is the report by Siiteri and Wilson 
(7970) wand rconftirmation sby Giorgi” et al’ (1971, 19792). o£ 
increased uptake and retention of dihydrotestosterone in 
prostates of patients with benign prostatic hyperplasia as 


compared to normal prostates. 


As has been discussed in Chapter I, the growth and 
function of the prostate can be inhibited by natural and 
synthetic estrogens. However because of their biological 
potency these compounds have many properties besides their 
antiandrogenic activity that lead to undesirable side 
effects. The search for antiandrogens that lack these side 
effects has resulted in twce compounds that appear to be 
promising - the steroid cyproterone acetate and the non- 
steroid SCH 13521. Both drugs antagonize the effects of 
androgens on the growth and function of the castrate rat 
prostate (Geller et al, 1969; Walsh and Korenman, 1970; Neri 
et al, 1972). Cyproterone acetate appears tc compete with 
dihydrotestosterone for uptake into prostatic nuclei (Fang 
et al, 1969; Fang and Liao, 1969; Walsh and Korenman, 1970; 
Rennie and Bruchovsky, 1972). The mechanism of action of SCH 


13521 is uncertain. 


The proliferative effects of androgens on the prostate 
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are always preceded by a period of 1-2 days during which DNA 
Ssyauhestsedoes mot soeccur)«but«. ther tissue «is «very ‘active 
biochemically. The earliest effect of androgens appears to 
be actinomycin D sensitive stimulation of prostatic RNA 
synthesis (Liao et al, 1965; Fujii and Villee, 1968). This 
RNA is mostly ribosomal RNA (Liao et al, 1966; Liao and Lin, 
1967). It has been shown that this stimulation of RNA 
synthesis is due partly to activation of the template 
activity of prostatic chromatin (Liao and Lin, 1967; Mangan 
etaval>.' 1968), cand partly eto. “the ancreased activity, of 
nucleolar RNA polymerase (Williams-Ashman et al, 1964; 
Magmwering tet sad, <AS7 Ts  edavies ‘eival, 1972). Inaaddition 
there is indirect evidence for androgenic stimulation of 
messenger RNA synthesis, based on the ability of prostatic 
polysomes to incorporate amino acids into proteins (Liao and 
Williams-Ashman, 1962; Mangan et al, 1967). The accumulation 
of androgen-induced messenger and ribosomal RNA in the 
cytoplasm results in increased incorporation of amino acids 
into proteins (Williams-Ashman et al, 1964; #£zLiao and 
Williams-Ashman, 1962; Chung and Coffey, 1971; Mainwaring 
and Wilce, 1972). There also occurs an increase in 
respiratory metabolism due to increased numbers of 
mitochondria (Edelman et al, 1963; Doeg, 1968; Pegg and 


Williams-Ashman, 1968). 


In interpreting studies of early androgenic effects it 


must be borne in mind that, as will be shown in this 
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chapter, the response on thes * prostate» *to chornonal 
stimulation depends on the duration of castration prior to 
beginning of treatment. Tn short term castrates, 
proliferation does not occur, while in animals castrated for 
long periods of time androgen does induce a proliferative 
response. In the former case, RNA and protein synthesis is 
probably involved in the secretory function of the prostate; 
in the latter case, these syntheses likely occur in 
preparation for proliferation. In previous work on the 
quantitative aspects of stimulation of RNA and protein 
synthesis these differences do not seem to be very 
important, but when analysis is concentrated on particular 


species of RNA or protein, they undoubtedly will. 


MATERIALS AND METHODS 


eee me i we Se Se Se 


Cyproterone acetate (1,2alpha-methylene-6-chloro 
pregna-4,6-diene-1 7alpha-ol-3,20-dione-17alpha-acetate) and 
SCH 13521 (4*-nitro-3'-trifluoromethylisobutyranilide) were 
gifts of Schering Corp. (Bloomfield, N.J.). Both compounds 
were injected using the same vehicle and in the same manner 


as described in Chapter IT for hormone administration. 


characterize the various responses of prostatic tissue to 
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restoration of androgen, animals which had been castrated 
for varying periods of time were treated with 400 ug 
dihydrotestosterone/100 g body weight every 24 hours. As 
will be shown below, this dose of hormone produces maximal 
effects on incorporation of thymidine. As in Chapter III, 
the parameters used as a measure of proliferation and 
functional status are wet weight, number of nuclei per 
prostate, and incorporation of labeled thymidine into 
nuclear DNA. Control animals treated with the injection 
vehicle in the same way as experimental animals showed no 
differences from untreated castrates (Chapter III), and in 
no case did significant amounts of acid insoluble material 


appear in the cytoplasmic fraction. 


Normal rats were castrated, and treatment with 400 ug 
dihydrotestosterone/100 g body weight begun immediately. 
Figure 5 shows that DNA synthesis is not stimulated, and in 
fact may be slightly inhibited. There appears to be a slight 
increase in numbers of nuclei, but even by 4 days the 
difference from normal is not significant (P>0.05). The only 
significant stimulation seen in 0 day castrates is a marked 
increase in wet weight at a rate of approximately 20% per 
day. By 2 days after beginning of treatment the weight is 


Significantly elevated above normal (P<9.01). 


Similar results are seen when 1 day castrates are 
treated with daily doses of dihydrotestosterone, as shown in 


Figure 6. The number of nuclei remains within the normal 
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Figure 5. Response of 0 day castrates to dihydrotestoster- 
Ore;eHormonel any andose, ofe) 400--ug/l004.g- body, .weight..was 
administered daily as described in Chapter TI. After various 
intervals of treatment, animals were killed and prostates 
removed and weighed. Rate of incorporation of thymidine was 
assayed in vitro as described in Chapter II. Fach point is 


the meantS.E. for 3 separate experiments. 


rizaritnye ANdo——_o 
jeiotio— a 
inpiaw a---- A 


DW ZAVIHES 2 (abe py ISO WY) 


(oyeb) THAMMTAAAT 30. MOITAAUA 


tateotzerorhyatt ot Bedsittess. yah 0 to sano 
ai iiniaw vbod -p eal (St Yo sn6h «4 
seseie 39234 iT ie 3 ane oe Ee me 


u7 


40 


~ 
O 


ee 
oO 


|} O————-o DNA Synthesis 
o— —o Nuclei 
4---AWeight 


NUCLEI/PROSTATE X 1077 
WET WEIGHT (mg) 


fo) 


DNA SYNTHESIS (dpm/ug DNA/20 min) 


0 a a aa 
DURATION OF TREATMENT (days) 


Figure 6. Response of 1 day castrates tc dihydrotestoster- 
one. After various intervals of treatment with, “00,ug 
dihydrotestosterone/i90 g body weight, animals were killed 
and prostates removed and weighed. Rate of incorporation of 
thymidine was assayed in vitro as described in Chapter II. 
Values for 1 day castrates are shown on the ordinate. The 
closed symbols represent the corresponding values for normal 
rats. Error bars, where indicated, represent the mean+S.E. 
foc three separate experiments; otherwise each point 
represents a Single experiment. 
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range, while prostatic weight increases significantly. 
Incorporation of thymidine remains low for 2 days, then 
increases to a level near the normal rate of incorporation. 
The values are about twice normal, but this may be due to 


experimental variation. 


The results obtained when 4 day castrates, whose 
prostates are in the process of atrophy, are treated with 
daily doses of 400 ug dihydrotestosterone/100 g body weight 
are shown in Figure 7. The process of atrophy continues for 
1 day following initiation of treatment, then DNA synthesis 
is stimulated and the number of nuclei starts to increase. 
Rate of DNA synthesis reaches a maximum at day 4 and _ then 
declines, and the number of nuclei has returned to normal by 
day 5. After this time the greatly reduced rate of DNA 
synthesis and of production of nuclei indicate that 
proliferation has essentially stopped. The wet weight, on 
the other hand, continues to increase beyond its normal 


level and by day 7 is 70% higher than normal. 


Figure 8 shows the response of 7 day castrates to daily 
administration of 490 ug dihydrotestosterone/100 g body 
weight. There is a lag period of 24-36 hours after beginning 
of treatment before incorporation of labeled thymidine into 
nuclear DNA increases rapidly to a maximal rate by the third 
day of about 200 times the rate for untreated controls and 
10 times the normal rate. These increased rates of 


incorporation are due firstly to a greater uptake of labeled 


- _ . a 
<o - 


Peers ee secsal 
etiaiede thay ke Sears 


ig tse 
-_ = 
= 


ay a aeeat . 22 rol oe Pier ani h? 


A o> | are 
: a 7 i : 7 
by) D4~ Peiry | 4 oe 3.22 i tes Sa ive ean’ A sel <] oF 5 
a : : 7 pas 
ne 7 - 


4 7 —— ® 7 ® 
i a i 2p¢ \, beara oer ) 4 ete, ae 


, rae ae 7 
+ a erin 
‘ ~ 
4 iF 
, a 
* ery be +4 
» 


$i ee loenita aly 
ve : 


fi . _ 

= ae | ie 4 We Mw st -o 
? 

_ + * ovat ined 


ay } "oF 2) gah 


49 


40 


LEGEND 
~O——o DNA Synthesis 
- Om =< Nuclei 
3.0 a----A Weight 


2.0 


NUCLEN/PROSTATE X 107 
WET WEIGHT (mg) 


Oo 


DNA SYNTHESIS (dpm/ug DNA/20 min) 


= : 
DURATION OF TREATMENT (days) 


Figure 7. Response of 4 day castrates to dihydrotestoster- 
one. After various intervals of treatment with 4090 ug 
dihydrotestosterone/10C g body weight, rats were killed and 
prostates removed and weighed. Pate of incorporation of 
Ehynvdane into DNA, was rassayed iin vavigtrens as) ydescrizhb ed sin 
Ghaptenms all se-Valucs efor, 4° dayscastua tesharne (shown) onathe 
ordinate. The closed symbols represent the corresponding 
values foresenormnal -svats.  “Bruror Shans, atwherernindicated, 
represent the meantS.E. for three separate experiments; 
otherwise each point represents a single experiment. 
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Figure 8. Response of 7 day castrates to dihydrotestoster- 
one. After various periods of treatment with 4¢¢ ug dihydro- 
testosterone/100 g body weight, rats were killed and 
prostates removed and weighed. Rate of incorporation of 
thymidine into DNA was assayed in vitro as described in 
Chanter oeli. Values | forest. day castia tes aie Showh on tis 
ordinate. The closed symbols represent corresponding values 
for normal rats. All values are the mean+S.E. for at least 


three separate experiments. 
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thymidine by nuclei, and secondly to an increase in the 
percentage of nuclear label converted into acid-insoluble 
material from less than 10% in controls to 100% in hormone 
treated tissue. After the third day, despite continued 
administration of hormone, the rate of incorporation 
declines. By day 10 it has dropped to below the normal level 
and by day 14 to the level observed in control untreated 


castrates. The percentage of labeled nuclei as determined by 


autoradiography correlates directly with levels of 
incorporation of thymidine (correlation coefficient = 0.78). 
Thus changes in rate of incorporation are due to 


participation by varying numbers of nuclei rather than 
variations in rate of synthesis among individual nuclei. At 
the peak of incorporation at day 3, about 3% of nuclei are 
labeled in vitro . Wet weights and numbers of nuclei per 
prostate are significantly above the control level (P<0.01) 
by 36 hours after beginning of treatment, and increase 
rapidly between day 2 and day 5. During this time the 
doubling time for the cell population is about 40 hours and 
the weight increases at a rate of about 40-50% per day. By 
day 5 and day 7 the number of nuclei and wet weight, 
respectively, have returned to the normal level. After this 
time the rate of increase in numbers of nuclei decreases to 
25% of the former rate, while weights continue to increase 
linearly for at least 14 days (note change of scale in 
Figure 8). By day 14, weights are twice the normal level 


while nuclear number is about 30% greater than normal. The 
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continued slow increase in number of nuclei after day 5 may 


represent an overshoot due to the high doses of hormone 


administered. 


In order to ascertain that the effects on incorporation 
of thymidine by minces in vitre are not an artefact of the 


in vitro incubation, the rate of incorporation was assayed 


in vivo as described in Chapter II. Figure 9 demonstrates 


that observed in vitro . When the nuclei were examined by 
autoradiography it was found that, as in the in vitro assay, 
there is excellent correlation (correlation coefficient = 
0.99) between rate of incorporation of thymidine and the 
percentage of labeled nuclei. At day 3, the peak of 


incorporation, 13% of the nuclei are labeled. 


Examination of prostate slices under the light 
microscope reveals that hormone induced regeneration results 
in restoration of the normal morphology, with decreased 
connective tissue, large acini, and tall columnar 


epithelium. 


In order to determine the length of time a dose of 
androgen remains effective, prostates were examined at 
various intervals after administration of a single dose of 
400 ug dihydrotestosterone/100 g body weight to 7 day 
castrates. The results are shown in Figure 10. It is evident 


that a single dose of hormone can induce an increased trate 
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DNA SYNTHESIS (dpm/ug DNA 40 min) 


0 1 D 3 La Lainie 74 
DURATION OF TREATMENT (days) 


PEgube Ys LNCOLDOLaALLOm Of “thy mvoine in Vive.  ) seven “day 
castrates were treated with daily doses of 400 ug dihydro- 
testosterone/ 100 gq body weight and “trate” of incorporation” “of 
thymidine in vivo assayed after various periods of 
treatment. Each point represents a Single experiment. 
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DNA SYNTHESIS (dpm/ug DNA/20 min) 


{126 914 


TIME AFTER INJECTION (days) 


Froqure 10. Response of 7 day castrates to a 
dihydrotestosterone. At various times 
injection of 400 ug dihydrotestosterone/190 
rats were killed and prostates removed. 
Each point represents the mean+tS.E. for at 
experiments. } 
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oF DNA synthesis with the same time course, although a 
smaller magnitude, as observed during daily administration. 
Both prostatic weight and nuclear numbers are stimulated to 
increase for 7 days at about -half -the rate produced by 
multiple doses of hormone, but neither attains the normal 
level. It is uncertain whether hormone is actually present 
in the prostate throughout the time growth is stimulated by 
a Single dose, but the rapid metabolism and excretion of 
androgens compared to the length of time that effects are 
observed raises the possibility that continued presence of 
hormone may not be necessary OU maintenance of 


proliferation once it has begun. 


Effects_of testosterone on prostatic regeneration. In 
order to compare the relative potencies of testosterone and 
dihydrotestosterone, 7 day castrate rats were treated with 
daily doses of 400 ug testosterone/s100 g body weight. Figure 
11 shows that the DNA synthetic response induced by 
testosterone is very broad and variable, unlike the sharp 
peak observed with dihydrotestosterone treatment. 
Furthermore, the rates of increase of wet weight and nuclear 
content are only about 25% of those elicited by dihydro- 
testosterone, and by day 3 both parameters are significantly 
tec. (P<0'05)” ‘thane @those® for dihydrotestest enone treated 
animals. It takes 14 days for testosterone to return wet 


weight and number of nuclei to their normal values, while 


dihydrotestosterone does so in 7 and 5 days, respectively. 
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DURATION OF TREATMENT (days) 


Prgure 11. Eiiect of testostercne on growth of the prostate. 
After , Varying ..periods of treatment .of 7 day, castrates with 
daily doses of 400 ug testosterones190 g body weight, rats 
were killed and prostates removed. Rate of incorporation of 
THYNLOANe Was assayed Gm vitro as in Chapter 11. Values for 
normal rats are shown as closed symbols. Results are 
expressed _as_. meantS.©... for, at least three separate 
experiments. 
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Effect of dose of androgen on DNA_synthesis. In order 


n 


to determine the relative effects of testosterone and 
dihydrotestosterone on the initial stimulation of rate of 
DNA synthesis, rats were treated daily for 2 days with 
various doses of testosterone or @ihydrotestostérone and 
rate of incorporation of thymidine determined in vitro. As 
can be seen in Figure 12, at all doses except the lowest the 
values for dihydrotestosterone are consistently greater than 
those for testosterone. However, due TO considerable 
variability in the response after this short period of 
treatment, the differences are statistically significant 


(P<C.05) only at the highest dose tested. 


Effect _of other hormones on rate of DNA synthesis. The 
effects of androstanedione, 3alpha-androstanediol, 3beta- 
androstanediol and 17beta-estradiol on stimulating rates of 
incorporation of thymidine by 7 day castrates were compared 
to those of testosterone and dihydrotestosterone. Animals 
were treated daily for 2 days with either 200 or 400 ug/100 
g body weight. Results are shown in Table 1. It is evident 
that 3alpha-androstanediol is as potent. tas» DHT. in 


stimulating initial rates of DNA synthesis, but none of the 


other hormones tested has very dramatic effects. 


Effect of antiandrogens_on DNA synthesis. The effects 
of the steroidal antiandrogens estradiol and cyproterone 
acetate and the non-steroidal antiandrogen SCH 13521 on 


stimulation by testosterone or dihydrotestosterone of DNA 
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DNA SYNTHESIS (dpm/ug DNA/20 min) 


Om 200 400 600 800 
DOSE OF STEROID (ug/I00 g body wt) 


Figure 12. Effect of dose of testosterone or dihydrotesto- 
sterone on rate of DNA synthesis. 7 day castrates were 
injected with various doses of testosterone or dihydrotesto- 
sterone. The injection was repeated 24 hours later. 48 hours 
arrers the Ir t raw injection the rats were killed ama rate of 
DNA synthesis assayed in vitro as in Chapter II. Each value 


represents the YmeantS.2. Lor, at Teast three separate 
determinations. 
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RADIOACTIVITY INCORPORATED 
(dpm/ug DNA/20 min) 


HORMONE 200 ugy100g 400 ug/100g 
NONE Tete tae | Hh. 28027 
DHT 301. 9455.0 GAS ene au hs eee 
? T2203 2156 582.6477. 4 
A'dione 9.6 15.2 
3a-Atdiol OT fi be _ 
3b-A'diol 2305 — 
E'diol _ ce 


a a ee 


Table 1. Effects of various hormones on DNA synthesis. 
Animals were injected with either 200 or 400 ug/100 gq _ body 
weight of various hormones. Abbreviations used are DHT for 
dihydrotestosterone, T for testosterone, A'dione EOL 
androstanedione, 3a-A'diol fcr 3alpha-androstanediol, 3b- 
A'diol for 3beta-androstanediol, and E'diol for 17beta- 
estradiol. The injection was repeated 24 hours later. 48 
hours after the first injection the animals were killed and 
DNA synthesis assaved in vitro as described in Chapter If. 
Results are shown aS meantS.E. where three separate 
determinations were made, or else as values for single 
experiments. 
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synthesis in fi day castrates were tested. In all 
experiments, testosterone or dihydrotestosterone was 
injected in a dose of 400 ugv100 g body weight. 
Antiandrogens were injected at the same time as androgen at 
a different site. To test the effects of estradiol, animals 
were treated with two doses of androgen plus 200 or 400 ug 
estradiolsi00 g body weight at 24 hour intervals and rate of 
DNA synthesis assayed in vitro 48 hours after the first 
injection. To test the effects of cyproterone acetate and 
SCH 13521, rats were injected with a single dose of dihydro- 
testosterone plus 400 or 2000 ug antiandrogen/100 g body 
weight, and rate of incorporation of thymidine assayed in 
vitro 72 hours after injection. Results are shown in Table 
Ze The effects of estradiol on dihydrotestosterone- 
stimulated DNA Synthesis are extremely variable, ranging 
from marked inhibition to marked stimulation. The mean 
values indicate stimulation, but differences are not 
significant compared to animals treated with dihydrotesto- 
sterone alone. Estradiol inhibits Very strongly 
testosterone-stinulated incorporation of thymidine. The 
reasons for these effects of estradiol are unclear. Both the 
antiandrogens cyproterone acetate and SCH 521 have 
strongly inhibitory effects on stimulation of DNA synthesis 
by DET. SCH 13521 appears “to be slightly more potent, 


producing a 60-70% inhibition as compared to about 40% for 


cyproterone acetate. 
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RADIOACTIVITY INCORPORATED 


TREATMENT (dpm/fug DNA/20 min) (% of control) 
DHT PUG ss TS 100 
DHT+Et diol (200) 795.54344.7 111 
DHT+E' diol (400) 1087929229424 152 
¥ 2Benotl 7 a4 100 
T+HE' diol (400) Siena nal ke ap 8 
DHT 633.9463:..0 100 
DHT+CA (400) 21282: Bo 
DHT+CA (2000) S67.2 58 
DHT+SCH (400) SAEs 43 


DHT+SCH (2000) 11206 oF 


Table 2. Effects of antiandrogens on rates of DNA synthesis. 
Animals were treated as described in the text. Abbreviations 
used are DHT for dihydrotestosterone, T for testosterone, 
E'diol for estradiol, CA for cyproterone acetate, and SCH 
for SCH 13521. Rate of DNA synthesis was assayed in vitro as 
in Chapter II. Results are shown as mean+S.E. where at least 
three different experiments were done, or else as the mean 
of two values. 
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The response of the prostate to androgens appears to 
depend on how many cells are present in the prostate 
relative to the number normally present. If the normal 
cellular complement is present, as in normal animals or 
short term castrates (Figures 5 and 6), then even large 
doses of androgens cannot induce proliferation. This lack of 
effect is not due to failure of hormone to reach the 
prostate, since wet weights are greatly increased as a 
result of hormone administration, presumably due _ to 
stimulation of prostatic secretory function. On the other 
hand, after the number of cells in the prostate has fallen 
below the normal level, as in rats castrated longer than 
three days (Figures 7 and 8), the primary response of the 
prostate to irestoration ‘of androgen appears to be 
proliferation ‘to restore the normal complement of cells. 
Once this has occurred, however, some homeostatic mechanism 
Seems; (to! tswitch® off proliferation<. it 2S di ffictlt toe say 
whether secretory activity of the prostate starts during the 
proliferative phase, or whether proliferation must be 
completed before secretion commences. This could be tested 
directly by assaying some parameter of prostatic function, 
suchias production of’citrates In any casey itis clearethat 
once the number of cells has returned to normal continued 
administration of androgens is an intense stimulus for 


secretory activity of the prostate. This sequence of events 
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- proliferation followed by expression of differentiated 
function - has been observed ina number of systems, as 
discussed in Chapter I. If it were possible to specifically 
block proliferation, this system would be an excellent one 
in which to test whether proliferation is a requirement for 
subsequent differentiation. Unfortunately, however, agents 
that block DNA synthesis or mitosis, such as hydroxyurea of 
colchicine, are probably too toxiG for prolonged 
administration to rats in doses sufficient to completely 


block proliferation. 


During androgen-stimulated regeneration of the 7 day 
castrate prostate (Figure 8), three phases can be 
distinguished. Firstly, there is a latent period of 24-36 
hours during which no proliferative response can be 
detected, but, as discussed in the Introduction, the 
prostate is very active biochemically. During the latent 
period, preparations bor DNA synthesis and cell 
proliferation must be taking place, and this is probably the 
key period to examine if one wishes to study the events 
regulating the onset of DNA synthesis. Secondly, there is a 
Period of “prokiferation “starting at>=36-48 hours and 
continuing for about 72 hours. The kinetics of cellular 
proliferation during this time will be examined in Chapter 
V. Thirdly, there is a period of differentiation starting 
about 5 days after initiation of hormone treatment and 


continuing for at least 9 days, and presumably for as long 
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as hormone continues to be present. The events that occur 
around day 5 that shut off proliferation are undoubtedly of 
major importance insofar as understanding of the regulation 
of growth is concerned, and it may well be that the 
particular mechanisms operating at this time are the 


fundamental ones lacking in neoplastic cells. 


The in vitro assay for DNA synthesis used routinely in 
this chapter can potentially serve as an excellent 
biochemical assay for the proliferative effects of androgens 
that would be Simpler and more objective than the 
cytological assays used previously. The relative potencies 
of various hormones in stimulating DNA synthesis (Table 1) 
agree quite well with their effects on growth in vivo 
(Beuchovsky;, W971) cand ® "one prostatic) explants: “in forgan 
Guibture) (Robel) cieat, 1971)2 ino addition, ethis assay, can 
serve .aS a measure of antiandrogenic activity (Table 2). 
While the in vitro and in vivo assays for incorporation of 
thymidine show parallel changes in rate of DNA synthesis 
during hormone treatment {Figures 8 and 9), the two assays 
are of course not strictly comparable. At the peak rate of 
incorporation, at day 3° following “initiation of hormone 
treatment, 13% of nuclei are labeled in vivo but only 3% in 
vitro . These differences are probably due to loss of cell 


viability prior to and during the in vitro incubation. Thus, 


although the in vitro assay cannot be used for measurement 


of absolute rates of DNA synthesis or of the true number of 
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cells involved, it can be used to compare rates of DNA 


synthesis as a result of various treatments. 


Both the relative effects of various doses of 
testosterone and dihydrotestcsterone on stimulation of the 
early DNA synthetic response (Figure 12) and the relative 
rates at which equal doses induce prostatic regeneration 
(Figures 8 and 11) suggest that dihydrotestosterone is a 
more potent androgen than testosterone. This finding is in 
agreement With “the workuof Schmidt et “al (1972) “and of 
Tuohimaa et al (1973). Coffey et al (1968) have found that 
testosterone propionate stimulates prostatic regeneration at 
the same rate as observed here with dihydrotestosterone, but 
at double the dose. Since Figure 12 demonstrates that 
doubling the dose of testosterone from 400 to 800 ugy100 g 
body weight has no effect on rate of DNA synthesis, it 
appears possible that testosterone propionate does not have 
the same androgenic properties as testosterone. This 
difference may well be due to the different solubilities of 
the two compounds and to the different vehicles used (sesame 
Silean the case cf Coffey et al). In ‘any case, i1£f ‘one 
assumes that dihydrotestosterone and testosterone share a 
common mechanism and site of action, then the findings 
presented in this chapter are consistent with the 
possibility that conversion of testosterone to dihydrotesto- 
sterone is a necessary step for expression of its 


proliferative effects. 
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V. KINETICS OF CELL PROLIFERATION DURING REGENERATION 


INTRODUCTION 


During androgen-stimulated growth of the rat prostate 
(Chapter IV), proliferation occurs at a maximal rate between 
days 2 and 5 after initiation of treatment of 7 day castrate 
rats with 400 ug dihydrotestosterones100 gq body weight. 
During this 72 hour period, the cell population undergoes 
1.8 doublings with a doubling time of 40 hours, and then 
proliferation essentially ceases. In attempting to elucidate 
the mechanisms involved in this shutoff cf proliferation, it 
would be useful to know the duration of the various cell 
cycle phases in the proliferating population, the fraction 
of cells involved in the proliferative response to hormone, 
and the average number of divisions a cell undergoes during 


- 


the regeneration. 


Previous studies of cell proliferation kinetics in 
androgen-stimulated tissues have concentrated on the various 
sex accessory glands of the mouse (Tuohimaa and Niemi, 1968; 
Morley and Wraqht, 19723; Morley et al, 1273). Ait of these 
studies have used the technique of fractional labeled 
Hitoces to follow “4a cohort “of labeled “cells through 
successive mitoses. A pulse of 3H-thymidine is administered 


to a group of animals. At various times, animals are killed, 
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tissues prepared for autoradiography, and the proportion of 
mitoses that are labeled is plotted against time. The time 
for the first labeled mitotic figures to appear corresponds 
to the duration of G2 (plus part of mitosis). The percentage 
of labeled mitoses increases to 100% for a period equal to 
ther duration of (S, andethen falls-to. zeroxsas «they labeled 
cells move into G1. When the labeled cells re-enter the next 
mitosis, the percentage of labeled mitoses increases again. 
In practice, however, because the labeled cells do not 
progress synchronously through the cell cycle, a second wave 
of labeled mitoses is often not observed. In these cases the 
cell cycle time cannot be measured directly but must be 


calculated indirectly. 


Tuohimaa and Niemi (1968) found that administration of 
testosterone propionate to two week castrate mice increases 
the labeling index of ventral prostate from 1.9% in 
untreated controls to 37%, and shortens the cell cycle time 
(Tc) from about 900 hours to 20 hours. The majority of the 
effect on Tc is due to shortening of G1 from 900 to 10 
hours. In this study, however, a second wave of labeled 
mitoses waS not .observed, and values for G1 and Tc were 
calculated assuming steady state growth kinetics and a 
growth fraction of 1.0, assumptions that undoubtedly are 
invalid for an expanding population. Similar effects have 
been reported for seminal vesicle (Morley and Wright, 1972; 


Morley et al, 1973). “Again, “however, a second’) wave of 


=o 1 Cle ne eA ie we, ¥ 


> 


on mae ¢. <@) bane cafe aiGaen juPhnd Gis a 4 


2 Pe, chy avai gata Biers 


pegederT yn ae vt wert ho | af% sa? 
rate Ck ie pace: mit oF 
its Seige Wa dy ee aa nm ace naa! at veda tas Pai 
| ae ee nm 


; 7 2 =a a ce 
ore d= aire 4. 716m Pe fetar ie aie 34te ohne gy = 


> lay Act “as ae hb a > an ret. acet by @ 42 vy 


“ 


[AVwee *eee Soowe a ieee Pele lel -Sh (Npeyebwead att eer +, 
: 3 
‘ ; er 2 j 5 So) « Oat h- wm iii } ce 96 e+) ,ealtsrig a 7 
‘ "ee 
Sew Sives®s @ ws » Piha Ga? aresiitz Place Ph anaz 
nid : i S . santa Fuh wes? 7G af he inlet Yo 
_ 
av J. Oy ‘ a nha oa i+ #tayn reo 
La en 
~_o er oye } az ee 
; : ~~ © 
a ena aerrPrae Son+ Eis { 7 6» “naa see fant: < & 
er ‘Sees fe. 9 dJe4 nap rere 
if 
‘ 2 ¥34e5 at & Petia ek ea 
ie hne «27° OF pints aed AG2Pe3Pee 5 Mi 
- : : ¢ \% 
2 , ea b =! 4 ( i ~ At rate ie *Paen eo rt (>?) 
| A. - 
as on iw rt co ban vier vs nh es axe ay Reyory | 
Ag‘ "ae wer er, 7 o *) | 7 a -* alee . 7 - * ane nt ve1uow 
x6 @S8 wi! ” ‘ ; er at dues i 7) thal “wae. saa! 
>», hea >a > fy fuagts ve iteame aeze8 
i rs 
Lida STAs Oe wu ore ua ae ‘ep palahtett ms 


ae 


aren ial » ae aad ort rr (ann "6 ap 
_ 


- . 
cence 


68 


labeled mitoses was not observed and calculations were made 
assuming exponential growth, an assumption which also is 
probably SnCGrrect : In addition, these workers have 
determined that the growth fraction (the proportion of cells 
proliferating at a given time) in mouse seminal vesicle 
Varies With time after initiation of hormone treatment, 
rising from 0.74 at 24 hours to a peak of 0.64 at 48 hours, 
and then falling to 0.32 by 72 hours. By measuring grain 
count distributions following administration of 3H-thymidine 
at 72 hours, they found that labeled cells undergo one 
division, that is, the average number of grains per cell is 
halved, but not a second division. Since regeneration is 
presumably almost complete by 72 hours, this finding is not 
very meaningful, and the experiment was not performed at 
earlier times in regeneration. In summary, studies using the 
technique of fractional labeled mitoses indicate that 
JARS ete increase the propertion of cells in the 
proliferative cell cycle and decrease the duration of this 
cycle, but the actual magnitude and relative importance of 
these effects is uncertain because of the many assumptions 
involved in the various calculations. In order to obtain 
answers to these questions, a more direct technique for 


studying the cell cycle is necessary. 


Miller and Phillips (1969) have developed a technique 
for fractionating populations of particles on the basis of 


size by letting them settle through a shallow gradient under 
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the influence of gravity. The density of the gradient is low 
compared to that of the. particles, so that. their rate of 
movement depends directly on their size and shape. Because 
cells that have just divided (G1 cells) should be about half 
the size of those just preparing to divide (G2 cells), and 
cells in S phase should be of intermediate size, this 
technique offers the possibility of fractionating a 
proliferating population according to position of the cells 
within the cell cycle. McBride and Peterson (1970) have 
reported that such fractionation of exponentially growing 


HeLa cells is indeed possible. 


The work reported in this chapter ccencerns the study of 
cell proliferation kinetics in regenerating rat prostate 
using the technique of velocity sedimentation under unit 
gravity to fractionate the population according to position 
in the- cell cycle. Isolated nuclei rather than whole cells 
are used in this study because of the likelihood that 
variations in nuclear size through the cell cycle would be 
more pronounced than variations in the size of the whole 
cell, and because of the difficulty in isolating intact 


cells from a solid tissue such as the prostate. 


Seven day castrates were treated 
with daily doses of 800 ug dihydrotestosterone/100 g body 


weight as described in Chapter II. This is double the dose 
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used in most experiments in Chapter IV, and was used because 


it produces a more reproducible growth response. 


{Methy1-3H] thymidine was injected intraperitoneally in 
Saline as described in Chapter iy ate dose level of 5 
uCi/i00 g body weight. At this dose, the isotope has no 
deleterious stfects’ on prostatic ‘growth, “since prostatic 
weights and nuclear yields are the same as for control 
animals that have not been injected with labeled thymidine. 
In preliminary experiments it was found that, at dose levels 
greater than 190 uCis100 g body weight, these parameters were 


consistently less than control values at times longer than 


24 hours after injection. 


"Triton-purified" nuclei were 


prepared as described in Chapter Il. 


Fractionation of nuclei. The apparatus for velocity 
sedimentation was purchased from 0.H. Johns Scientific 
(Toronto, Ont.) and modified by addition of a 4° water 
jacket around the sedimentation chamber (Figure 13). The 
sedimentation chamber had a diameter of 16.9 cm and hence a 
volume of 22.4 ml per vertical mm. All bovine serum albumin 
(BSA) solutions were prepared in PBS containing 0.02% (v/v) 
Triton xX-100 (Sigma) to prevent aggregation of nuclei, and 
were filtered through a 0.22um Millipore filter (Millipore 
Corp., Montreal, P.Q.)- The 1% (w/v) and 2% (w/v) BSA 


chambers each contained 600 ml of solution, and the 0.5% 
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COLLECTOR 


FLGNre 13... Apparakus for fractaonation of nuclei by. velocity 
sedimentation under unit gravity. 


ee 


(w/v) BSA chamber contained liquid to the same level as the 


other two. 


The nuclear suspension was diluted to a concentration 
Gf a55.05109/m1. in. PBS containing 0.3% (W/v) BSA, and unless 
stated otherwise the volume applied to the sedimentation 
Chamber was 20 ml. The gradient was loaded at a rate of 
about 30 ml/min, allowed to stand for 8 hours (starting from 
the time liquid reached the top of the cone on loading), and 
then unloaded at 15-20 ml/min with Eractions of 10.5-11.5 mol 
collected using a Brinkmann STZ fraction collector 


(Brinkmann Instruments, Toronto, Ont.). 


Sedimentation velocity was computed using the equation 
SV = [ (Nt-Nf)DT[St+Ct (NE/Nt) ] 


where SV = sedimentation velocity 
£600 fraction NG 


Nf = fraction number 
Nt = total number of fractions 
D = depth/fraction = 
fraction volume/(22.4 ml/mm) 
St = standing time (from top of cone 
on loading to start of unloading) 
Ct = collection time (from start.of 


unloading to top of cone) 


Distribution sof nuclei; An aliquot tof each fraction Was 
diluted with filtered PBS and 50 ul counted using a Coulter 
counter model B (Coulter Electronics, Hialeah, Fla.) fitted 
with a 50 um aperture. Optimal settings were determined by 
plotting the size distribution of unfractionated nuclei at 


various settings, and were 0.707 for 1/APC, 2 for 1/AMP, 70 


for gain, 32H for matching switch, 20 for lower threshold, 
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and 100 for upper threshold. Recovery of nuclei from the 


gradient was about 70%. 


After removal of an 
aliquots fer: counting’ of nuclei; ithe rest. of cach fraction 
was deposited onto a 0.45um Millipore filter (Millipore 
Corp.). The filters were washed with 5 ml cold PBS and then 
EWPCCRVithworml cold!) Sk (w/v) trichloroacetic “acid, sand 
dried overnight at 37°. Unless DNA was to be measured (see 
below) the filters were counted in a scintillant containing 
4 g 2,5-diphenyloxazole (Amersham-Searle Corp., Arlington 
Heights, I11.) per litre scintillation grade toluene 
(Fisher). Backgrounds were taken as the mean + 2 standard 
deviations of five blank filters, and were 30-35 for 
tritium. Recovery of radioactivity from the gradient was 80- 


99%. 


Double isotope counting was performed using two 
channels of the Beckman 3LS250 scintillation counter. A 
variable isoset was used for the 3H channel, with lower 
window set at 0 and upper window at 3. The preset 1!*C isoset 
was used for the 14¢€ channel. Background for 7H was 5 cpm 
and efficiency about 13%; background for 1*C was 9 cpm and 
efficiency about 60%. Using 3H and !*C standards, spillover 
of 14C into the 3H channel was determined to be 2.6%, and 3H 
counts were corrected for spillover by subtracting 2.6% of 


14C counts for that sample. Spillover of 3H counts into the 


14C channel was negligible. 
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Distribution of DNA. If DNA was to be measured, 2.0 ml 
1.6 N perchloric acid were added to the dried filters and 
DNA extracted by heating at 70° for 20 minutes. The filters 
were removed; 1.5 ml of the perchloric acid extract was 
assayed for DNA using the diphenylamine procedure as 
described in Chapter II, and the rest of the extract (about 
0.4 ml) was counted as described in Chapter II for aqueous 


samples. 


RESULTS 


cycle. When a population of nuclei from 7 day castrate 
prostates that have been regenerating for 72 hours is 
allowed to settle through a shallow BSA gradient under unit 
gravity, .two peaks of material are observed (Figure 14). 
Microscopic examination of the slowly sedimenting peak 
(about 0.4 mm/hour) shows it to consist of debris. It 
contains no DNA and no radioactive thymidine and for 
purposes of clarity will be omitted from subsequent figures. 
Nuclei are distributed as a main peak centered at 2.0 
mm/hour and skewed towards larger sedimentation velocities. 
prior to killing, label is found in a peak heavier than that 
of the majority of nuclei, with a maximum at about 2.7-3.0 
mm/hour. Nuclei sedimenting between 1.3 and 2.2-2.3 mm/hour 


contain the diploid amotnt or DNA ‘and dittle labeled 
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SEDIMENTATION VELOCITY (mm/hour) 


pigure (4. Fractionation of nuclei) according to phase cof the 
celle cycle. 7 day castrates were treated for 72 hours with 
daily doses of 800 ug dihydrotestosterones1CC g body weight. 
One hour prior to killing, animals were injected with 5 uCi 
fmethyl-3H ] thymidine/100 g body weight. Nuclei were 
Leo deeds "and artotcal OL * T2210 san ®* "a “volume "or “ao. Pant 
applied to the gradient. The distribution of particles atter 
SSenCurs 1s “Shown foreach fractionas 4a “percentage of “Che 
value of the peak at 2 mm/hour. Past ri butaon of 
radioactivity is expressed for each fraction as a percentage 
Of) total radioactivity recovered, and 9DNA is Shown as 
py/ynucieus.. Fractions which ‘contaiired “a ’snall **number of 
nuclei were pooled to obtain sufficient DNA. 
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thymidine, and accordingly are considered to be in the G0 
and G1 phases of the cell cycle. Nuclei sedimenting between 
2.2-2.3 mm/hour and about 3.1 mm/hour contain increasing 
amounts of DNA Td most of the labeled thymidine, 
characteristic of nuclei in the process of DNA replication, 
that is, the S phase of the cell cycle. Finally, nuclei 
sedimenting more rapidly than 3.1 mm/hour contain twice the 
diploid amount of DNA and little labeled thymidine, and are 


considered to be in G2. 
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castrates were pulse labeled with an intraperitoneal 
injection of [methyl1-3H] thymidine at 48 hours after 
initiation of hormone treatment (hereafter referred to as 
time zero), and the progression of the labeled cells through 
the cell cycle followed for the subsequent 48 hours. Hepatic 
metabolism of the injected isotope produces a chase effect, 
with label apparently available to the prostate for a period 


of time of somewhat less than one hour. 


Figure 15 shows the results during the first 12 hours. 
After 1 hour (Figure 15B), labeled nuclei are in the S phase 
region of the gradient, and after 2 hours label has shifted 
to heavier regions. By 4 hours (Figure 15C), some label has 
appeared in the G1 region, representing nuclei that have 
completed their first division, while the main peak occurs 
in S+G2 nuclei. After 8 hours (Figure 15D), the majority of 


tte abel is in the Gl area, and by 12 hours the shift is 
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Figure 15. Distribution “of label between t and-12  houns., 7 
day castrates were injected at 24 hour intervals with 800 ug 
dihydrotestosterone/100 g body weight. Along with the third 
Boece ron, at. U3 hoi Se, the animals were injected 
intraperitoneally with 5 uCi [methyl-3H] thymidine/100 g 
body weight. At various times, after, ~anjection, of ~asotope 
Tats were killed “and prostatic nuclei fractionated as 
described in Methods. The distribution . of nuclei is 
GO.pLesseda tor each Traction as “a percentade of the peak 
Valiic, wang Of radicoactayity as the percentage or the total 
recovered in each fraction. 
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almost complete and little label remains in the S+62 
regions. At 12 hours the peak of radioactivity is actually 
slower than the peak of nuclei; this may indicate that 
nuclei which have just divided are smaller than the majority 


Of Gi nuclei. 


Results for times later than 12 hours (Figures 16 and 
17) are plotted as relative specific activities, i.e., the 
specific activity of a fraction (cpm/106 nuclei) relative to 
the specific activity of unfractionated nuclei, in order to 
demonstrate enrichment or depleticn of label in various 
phases of the cell cycle. Figure 16B shows the data for 12 
hours replotted in this manner. Enrichment of label occurs 
in "early" G1 and depletion in "late" G1. The situation is 
Similar at 16 hours (Figure 16C). At this time the amount of 
label in the S+G2 regions of the gradient reaches a minimum 
of 12.4% of the total, a value which may represent the level 
of contamination of this region by G1 nuclei. At 20 hours 
(Figure 16D) the S#G2 region is somewhat enriched in label, 
and by 24 hours (Figure 16F) there has evidently been a 
shift of label back into this region. At this tine, 31.5% of 
the label is present in the S+G2 region of the gradient, an 
increase of 19% over the amount present at 16 hours. After 
24 hours (Figure 17) the S+tG2 region continues to he 
enriched in label, especially at 42 hours (Figure 17D), but 
by 48 hours (Figure 17E) there is very little label 


remaining in this region. 


er aron : 

Bai ar Sees) Ate ff anh? ira! locate +e 

ew Vaht P2950 Bist ge Sse ah heeeetg eae aE 
> 41) Fel oc ti ver aii ry QL: W yrrekty® altoege _ 
do #ew-¢ te be Peis hutsaresa sae mm YR ORF oR aetiaete wi? - 
sustsau ¢) feet Wo eae 6 owen dos tire arertancesh_ _ 
a? co¥, teh Gile wiate S29? c210n,(@ .cines J0en one te aveedq : 
Rant | teil o: ie GsULIiy Ageivte abtd a2 botany gisod. 7)” 


2 or +e aD e4) "0 Ge tul® fd aT on BS ““etanw® nf 
— @taee + here pul a ae ytaet soaukts bare tr +e mathe de 
reaidho 2 \eoTant in phy ty ahs “ir Vaakget Spee ome ane Leder 


Tye h whe sanayry vee aneev bi Fe @ i opat onertD 29 S730 a 


rage ‘4 ode Feae ge bree eho iy as 708 Se 4 
eta ot Wastes aulveter a earmer Fee eas wat angie fe 

dame 49> ytim-gay ~ ook PSH > ont” #5 bas 
belo re <eGce Tear 1 -elbes eo arse (erp bedal. te ia 
EP GFAP mle ae Oe saree aeeal i pepe. Ge ener 
Ai ae a 5 ihe ' ‘al: =<¥9) aot co 
ane : vt 


Ty) 
7 


A 


NUCLEI 


(% maximum) 


NUCLEI 


B 
12 HOURS 


E 
24 HOURS 


RELATIVE SPECIFIC RADIOACTIVITY 


0 [cy ae 3.0 AO 
SEDIMENTATION VELOCITY (mm/hour) 


Bigue, 176. sDiStrELbution of jlabel pbetween W112 sand W24hhours. 7 
day castrates were injected with daily doses of 80C ug 
dihydrotestosterone/i0C g body weight. Along with the third 
imyjection at 48 hours the animals were in jected 
intwaperitoneally wi1tehs Sycucil simethyl+7H ] tehymidime/i00 ¢ 
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Figure 17. Distribution of label between 30 and 48 hours. 7 
day castrates were injected with daily doses of 809 ug 
dihydrotestosterone/100 g body weight. Along with the third 
injection at 48 hours the animals were injected 
intraperitoneally with 5 uCi [methyl1-3H] thymidine/109 gq 
body-" weight. “At ° various!” times“aditer injection *of Vsotope 
rats were killed and prostatic nuclei fractionated as 
described in Methods. The = drstribution**of*® niche: is 
expressed for each fraction as dad percentage “of “the peak 
Value, and radioactivity “as "specrric activity relative “to 
that of unfractionated nuclei set at 1.0. 
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During the 
period after 16 hours, by which time the majority of cells 
have completed their first division, the bulk of the label 
at any one time remains in the G1 area of the gradient 
(Figures 16 and 17), indicating that synchronous re-entry of 
cells into S phase does not occur. In order to ascertain 
that failure of the majority of label to shift back to the 5s 
phase region is not due to a change in properties of S phase 
nuclei or to a cessation of DNA synthesis after one round of 
division, regenerating prostates which had been pulse 
labeled with [methyl1-3H] thymidine at zero time (i.¢e., 48 
hours after initiation of treatment) were pulse labeled with 
{methyl-14C] thymidine at 24 hours. As shown in Figure 18, 
while the bulk of the 3H label is found in the G1 region of 
the gradient, as expected from previous results, the 14€C 
label occurs in the S phase area. Hence there is 
pavetaaeanie DNA synthesis occurring during the period after 
16 hours, and S phase nuclei at this time have the same 


sedimentation properties as those at earlier times. 


The  téchnique of ‘cell -cyclles"analysis’ "by" vesoci ry 
sedimentation is based on the increasing size of nuclei as 
cells progress through the cell cycle. From Figure 14 it is 
evident that G2 nuclei, which sediment faster than 3.1 


mm/hour, are essentially twice as large as G1 nuclei, which 
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Figure 18 ..Persistence of DNA synthesis yat 24 ehourss.,7 day 
Castrates were treated at 24 hour intervals with 800 ug 
dihydrotestosterone/100 g body weight. Along with the third 


injection at 48 hours the rats were injected 
imuraperitonea 1lyawith «)5, suCi.) fimethyl<32 bb itbhyni dine 4100 be 
bouvy. Welght. 25 hours later the rats were injected 


int papeni tonea LLY» with. 5 -1Ga [ wethyl—'4Gj thymni dime 7100 eg 
body Weight. One hour eiter injection of §'*C (24 hours after 
SH anwection) the animnadks pene ka lled, ander ywrostatbic seniclet 
fractionated as described in Methods. Distribution of nucle 
is shown for each fraction as the percentage of the peak 
value. Double isotope counting was done as in Methods and 
results are shown as the percentage of the total recovered 
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have a sedimentation velocity of about 2 mm/hour, and that s 
phase nuclei have intermediate sedimentation velocities and 
thus intermediate sizes. Hence it is possible to follow all 
phases of the cell cycle simultaneously, and nuclei from 
various stages can he recovered for biochemical analysis. 
The one major drawback - the long periods of time required 
for good separation of slowly moving particles such as 
nuclei - could be overcome by the use cf a low speed 
centrifugation system instead of unit gravity, and this 
would probably result also in improved resolution of the 


cell cycle phases. 


By measuring the appearance of label in the G1 region 
of the gradient at various times after labeling of S phase 
nuclei (Figure 15), it is possible to estimate the duration 
of the various cell cycle phases. The time required for the 
first appearance of label in this region will correspond to 
the minimum duration of G2+mitosis. Since about 25% of label 
is present in G1 by 4 hours (Figure 15C), a reasonable 
estimate for G2+mitosis would be 2-3 hours. It will take a 
length of time equal to the duration of S+G2+mitosis for all 
the label to be transferred to the G1 region. After 8 hours 
(Figure 15D), 80% of the label is in the G1 region, and by 
12 hours this value has reached 85%. Thus the length of 
S+G24+mitosis is somewhat greater than 8 hours, leading to an 
estimate of about 7 hours for the S phase. The first 


reappearance of label in the S phase region (Figure 16) 
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indicates the minimum duration of the cell cyctie; ins this 
ease aboute20 hours. From the values of 2-3 “hours for 
G2+nitosis, 7 hours for S, and 20 hours for the cell cycle 
time (Tc), G1 can be determined to be approximately 10-11 
hours. The accuracy of these estimates could be improved if 
desired by analysis at* more frequent intervals after the 


pulse of labeled thymidine. 


At 16 hours after a pulse of 3H-thymidine (Figure 16C), 
12.4% of the label is found in the S+G2 regions of the 
gradient. Between 16 and 48 hours the amount of label in 
this region is greater than 12.4%. If one takes the 
difference between these values to represent label that is 
re-entering a second S phase and assumes that the 6 hour 
interval between experiments is sufficiently long compared 
to the duration of the S phase (7 hours) such that each cell 
is counted only once in its passage through S, then the sun 
of the above values will correspond to the proportion of the 
labeled population that undergoes a second round of division 
during “this interval. “This value is “50.9%, 0 which” may 
indicate that one daughter cell resulting from each division 
differentiates while the other continues to divide. In any 
case, it certainly appears that only a fraction of daughter 
cells re-enters the proliferative cell cycle within one cell 
cycle time after division. Thus growth kinetics in the 
regenerating prostate are not exponential. The finding that 


50% of labeled nuclei undergo a second round of division 
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would be consistent with Steady state kinetics; however, as 
will be discussed below, maintenance of the observed rate of 
growth requires recruitment of previously nonproliferating 
cells, and Figure 18 demonstrates that this recruitment 
occurs. Hence cell proliferation kinetics in regenerating 
rat prostate are neither strictly exponential nor strictly 


steady state. 


A cell cycle time of 20 hours together with a 
population doubling time of 40 hours leads to an estimate of 
Os41 Lor the growth -fraction: (GF)..6 At\ (48) hours after 
initiation of hormone treatment, examination owe 
autoradiographs of prostatic slices following continuous 
labeling with 3H-thymidine reveals the labeling index to he 
16% and to be increaSing at the rate of about 1% per hour, 
and the mitotic index to be 2.1% (it is interesting to note 
that, if one calculates the percentage of nuclei found in 
the S+G2 region of the gradient, it averages out to 16.34%, 
in excellent agreement with the labeling index 
determination). The fact that the labeling index is 
initially 16% and is increasing at 1% per hour indicates 
that after one cell cycle time (20 hours) the growth 
fraction will be 0.36. If one assumes steady state kinetics, 
that is, a random distribution of nuclei around the cell 
cycle, then the following equations can be used to calculate 


the growth fraction (Epifanova, 1966): 
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Grea TL Xe o7 Ts or GF = MI’ x Tc/Tn 
where LI = labeling index = 16% 
foc = cell cycle time = 20 hours 
Teo) Guratacn. of Se=" / “hours 
Ni = Mitotic index = 92.1% 
fn = duration [of instosis = 1. hour 


The growth fraction is 0.46 using labeling index or 0.42 
using mitotic index data. Alternatively, assuming 
exponential growth, the growth fraction can be calculated 
from the following equation (Cleaver, 1967): 


GFo= LiyY{ (exp (Tsln2/Tc)=1)jexp(Taqln2/Tc) | 


where LI = labeling index = 16% 
ts = duration of S = 7 hours 
Tce = cell cycle time = 20 hours 
Tg = duration of G2+0.5mitosis = 2 hours 


In this case, the value for GF is 0.54. This value does not 
agree very well with the cther four values; this may 
indicate that the proliferation kinetics are closer to 
steady state than to exponential. In summary, therefore, 
several different methods of calculation lead to an estimate 
of O74ror*the fraction of cells” involved=-in” "the anitial 


proliferative response to dihydrotestosterone. 


The growth fraction is undoubtedly changing with time 
during the course of regeneration, since by 72 hours after 
initiation of treatment the labeling index reaches a maximum 
of about 20%, as determined by examination ebm 
autoradiographs of prostatic slices. Assuming the cell cycle 
parameters do not change, this would correspond to a growth 
fraction of just less than 0.6. However, after this time the 


labeling index decreases rapidly, so that 9.4 is probably a 
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reasonable estimate for the average growth fraction during 
prostatic regeneration, and a growth fraction of this 
magnitude is capable of maintaining cell production at the 
rates observed. With a 20 hour cell cycle time, almost four 
cycles of division would be required to repopulate the 
prostate. Assuming that the initial growth fraction is 0.4 
and that 50% of daughter cells do not re-enter the 
proliferative cell cycle after each round of division, it is 
evident that essentially all the cells present in the 7 day 
castrate prostate must proliferate at some time during 


prostatic regeneration. 


The results presented herein are in good agreement with 
some of the findings of previous studies using the technique 
of fractional labeled mitoses (Tuohimaa and Niemi, 1968; 
Morley and Wright, 1972; Morley et al, 1973). The values for 
cell cycle parameters are almost identical to those reported 
by Tuochimaa and Niemi (1968) despite differences in species 
studied (mouse vs rat) and hormone administered 
(testosterone propionate vs dihydrotestosterone). The work 
Of Morley and Wright (1972) and o£ Morley et al (1973) 
indicates that the proliferative response of mouse seminal 
vesicle to testosterone propionate is similar to that of the 
rat prostate to dihydrotestosterone, except that it is more 
rapid. Allowing for the differences in time course, the 
Jabeling index, mitotic index, duration of cell cycle 


phases, and growth fraction at various times during 
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regeneration all agree quite well with the values determined 
herein for rat prostate. A major point of disagreement is 
the finding by Morley and Wright (1972) that cells labeled 
by a pulse of 3H-thymidine undergo one division but not a 
second, in contrast to the result reported above that about 
50% of label re-enters the proliferative cell cycle. A 


likely explanation for this disagreement is that Morley and 


a) 


Wright (1972) labeled their animal at a time when 
regeneration is almost complete, while in the present study 
isotope was administered at the beginning of regeneration. A 
second possibility is that of radiation damage. Because of 
the relative inefficiency of autoradiography, rather high 
doses of 3H-thymidine must be administered in order to 
accumulate a sufficient number of silver grains for 
determination of labeled mitoses in a reasonable period of 
time. Bond and Feinendegen (1966) have reported that it may 
take ae few as 20 intranuclear tritium disintegrations per 
cell to produce minimally detectable effects on rat bone 
marrow. In the paper of Morley and Wright (1972), it can be 
calculated from data presented that, even assuming an 
autoradiographic efficiency of 1C% (probably a maximal 
value), this number of disintegrations will occur in about 
16 hours, less than one cell cycle time. Thus the cells may 
undergo one division normally but subsequent proliferation 
may well be impaired by radiation damage. In the current 
study, because the detection method is liquid scintillation 


counting of large numbers of nuclei, such low levels of 
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radioactivity could be employed that it would take over 300 
hours for an average labeled nucleus to accumulate 20 
disintegrations. Hence cell cycle analysis by sedimentation 
velocity as opposed to fractional labeled mitoses greatly 


extends the period during which one can follow labeled cells 


Without the danger of radiation damage. 


To summarize the findings in this chapter, the 
following conclusions can be drawn with regard to cellular 
proliferation kinetics in regenerating rat prostate: 
firstly, all cells in the 7 day castrate prostate seem to be 
involved in regeneration of the organ, and, secondly, any 


given cell can apparently divide from one to four times. 
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VI. ROLE OF CYCLIC AMP IN ANDROGEN-STIMULATED PROLIFERATION 


Adenosine 3':5' cyclic-monophosphate (cyclic AMP) is an 
intracellular mediator that, since its discovery by 
Sutherland, has been shown to act as a "second messenger" by 
which certain regulatory substances, e.g., catecholamines 
and certain peptide hormones, exert their effects on 
intracellular metabolism (Robison et al, 1971). Cyclic AMP 
is formed from ATP by the membrane bound enzyme adenylate 
cyclase and regulates metabolism by influencing the activity 
of various enzymes, ¢.g., glycogen phosphorylase (Krebs et 
al, 1966), glycogen synthetase (Larner et al, 1968) and 


Various protein kinases (e€.g., Walsh et al, 1968). 


Recently, much attention has focussed on the possible 
role 42 ae AMP in the regulation of cell proliferation. 
Evidence for such a role is that levels of cyclic AMP appear 
to be inversely correlated with rates of proliferation, both 
in normal cells (Macmanus et al, 1972; Burger et al, 1972; 
Mevlaswet ab, 12727 Kran ef al, ~1o73) and in transformed 
cells (Ottéen’ Gt? av, 91972; Sheppard; 91972) 7.9 “asd oe *that 
proliferation of both normal cells (Willingham et al, 1972; 
Bombik and Burger, 1973; Froehlich and Rachmeler, 1974) and 


transformed cells (Smets, 1972; Paul, 1972; van Wijk et al, 
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1973; Thomas et al, 19733; Teel and Hall, 1973) is inhibited 
by increased intracellular levels of cyclic AMP. Thus cyclic 
AMP has been considered to be an inhibitor of cell 
proliferation. However a report has appeared indicating that 
in chick embryo fibroblasts cyclic AMP stimulates growth 


(Hovi and Vaheri, 1973). 


Insofar as steroid hormones are concerned, their 
ability to enter cells and be taken up into the nucleus 
obviates the necessity for a second messenger such as cyclic 
AMP. Nevertheless a few reports have appeared indicating 
that cyclic AMP can mimic the effects of androgens in 
stimulating certain carbohydrate metabolizing enzymes in the 
pEostate) (Singhal etal, 1971; Mangan et al, 1973), Leading 
to the hypothesis that androgenic effects may be mediated by 
cyclic AMP (Singhal et al, 1971). However the effects of 
cyclic AMP on prostate are insignificant relative to the 
effects of androgens (Mangan et al, 1973), and androgens do 
not appear to stimulate adenylate cyclase, as would he 
expected if this hypothesis were true (Rosenfeld and 


O'Malley, 1970; Lido et.al, 1971; Mangam et al, 1973). 


The proliferative response of the castrate rat prostate 
to androgens (Chapter IV) is an excellent model system for 
fie! sstudy wolf sagents htitat » aifectrstercid=stianulated cell 
proliferation. Accordingly, studies have been performed to 
determine whether cyclic AMP can mimic or modify the 


proliferative effects of dihydrotestosterone. 
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Treatment _of animals. Adenosine Sst cyclic- 
monophosphate (Sigma) or N®&,02'-dibutyryl cyclic AMP (Sigma) 
and theophylline (Sigma) were administered intraperitoneally 
in 1.0 ml sterile saline containing in solution 10 mg cyclic 
AMP or dibutyryl cyclic AMF plus in suspension 10 ng 
sonicated theophylline. This was the protocol used by 
Singhal et al (1971). It has been assumed that dibutyryl 
cyclic AMP can penetrate prostatic cells when administered 
by this route and that it has the same biological properties 
as cyclic AMP. However, these assumptions have not heen 


tested. Dihydrotestosterone in a dose of 400 or 800 ug/100 g 


body weight was injected as described in Chapter II. 
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Eiftect of ‘cyclic AMP orvdibutyryl cyclic’ AMP on 
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prostatic growth. In order to test whether cyclic AMP can 
induce prostatic growth, 7 day castrate rats were treated 
with two daily doses of cyclic AMP or dibutyryl cyclic AMP, 
and prostatic weight, number of nuclei and rate of DNA 
synthesis in vitro measured. Results are shown in Table 3. 
it As evident that neither cyclic AMP nor dibutyryl © cyclic 
AMP has any Significant effects on any of the parameters 


tested, while dihydrotestosterone has very marked effects 


even after this short period of treatment. 
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PROSTATIC WEIGHT WNUCLEI/PROSTATE DNA SYNTHESIS 


TREATMENT (mqg/prostate) ph a ape (dpm/ug DNA) 
Saline 4945 Wet Oa 4,240.7 
€yclic, AMP 4743 3s 120.4 4,340.7 
Dbacyelic AMP u5 2.4 Ee 
DHT S7+A4 bal CO ne VtGett71.5 


a ee ee = 


Tahbverss SELRScE VoL Cyclic AM Pcor, dibutyryl ercyela ca cAMP = lon 
prostatic growth. Seven day castrate rats were injected with 
evelsic AMP Nor dibutyryl cyclic AMPras, intNethods:; jcontrols 
were injected with saline. The injections were repeated 24 
hours later. 48 hours after the first injection, prostates 
were removed and rate of DNA synthesis assayed in vitro as 
described in Chapter II. Results are shown as mean+S.&. 
where at least three experiments were done, or else as 
single determinations. The values for animals treated with 
dihydrotestosterone as in Chapter IV are shown for 
comparison. Abbreviations used are DHT for dihydrotestoster- 
one and Db cyclic AMP for dibutyryl cyclic AMP. 
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Stinulated prostatic growth. To determine whether dibutyryl 
cyclic AMP enhances or inhibits the effects of dihydrotesto- 
sterone on prostatic growth, 7 day castrates were treated 
with hormone alone or with hormone plus dibutyryl cyclic AMP 
for 2 or 5 days. As seen in Table U, dibutyryl cyclic AMP 
has no significant effects on dihydrotestosterone-stimulated 
increase in weight or in the number of nuclei per prostate. 
However, when rate of incorporation of radioactive thymidine 
was assayed, a marked inhibition following dibutyryl cyclic 
AMP treatment was noted (Table 5). When dibutyryl cyclic AMP 
was administered to animals in vivo , a 27-30% inhibition in 
incorporation of [methy1-3H] thymidine in vitro was observed 
after either 2 or 5 days of treatment, compared to tissue 
treated with dihydrotestosterone alone. When rate of 
incorporation in vitro was assayed in tissue treated with 
hormone alone but with dibutyryl cyclic AMP present in the 
incubation mixture, a very marked inhibition (82%) was 
found. This very rapid effect of dibutyryl cyclic AMP makes 
ae uatikeby sthatetits’ *ekfects “are atu the level’ of “DNA 
synthesis itself. Finally, to ensure that the effects of 
dibutyryl cyclic AMP on incorporation of thymidine are not 
an artefact of the im wWitro.” incubations, rate of 
incorporation of thymidine was assayed in Vivo and an even 


greater inhibition (63%) was observed. 
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PROSTATIC WEIGHT NUCLET/PROSTATE 


TREATMENT DAYS (mqg/prostate) x10-6 
DHT+saline 2 9344 UE She: 
DHT+Db cyclic AMP 2 9645 8 .64+0.5 
DHT+saline 5 1690425 18 .842.3 
S 186437 19.641.2 


DEStRbh cyclic AMP 
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Table 4. Effect of dibutyryl cyclic AMP on dihydrotestoster- 
one-Stimulated prostatic growth. Seven day castrate rats 
were injected simultaneously with daily doses of dihydro- 
testosteronetsaline or dihydrotestosteronetdibutyryl cyclic 
AMP. Abbreviations used are DHT for dihydrotestosterone and 
DbyacyclicsANe fLoredsabutyryl cychic AMP? sAt 2idays,or 5 days 
after initiation of treatment (24 hours after the last 
injections), prostates were removed and weighed and nuclear 
content determined as described in Chapter Ii. Results are 
shown as mean+S.E. for at least three experiments. 
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INCORPORATION OF INHIBITION 
3H- THYMIDINE RELATIVE TO 
TREATMENT DAYS (dpm/ug DNA) CONTROL (%) 
in vitro 
DHT+saline 2 SVS OLS We 2 0) 
DHT+Db cyclic AMP 2 S163 264, 5 On| 
DHT+saline + 2 ie 82 
Dia cyebice AMP 
in vitro 
DHT+saline 5 463.84+38.2 0 
DHT+Db cyclic AMP 2 328. 140..2 30 
in vivo 
DHT+saline Zz ESI ya es 0 
DHT+Db cyclic AMP 2 Vane $3 
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Table 5. Inhibition of [methy1-3H] thymidine incorporation 
by dibutyryl cyclic AMP. Seven day castrates were injected 
Simultaneously with daily doses of dihydrotestoster- 
onetsaline or dihydrotestosteronetdibutyry] cyclic AMP. At 2 
days or 5 days after initiation of treatment (24 hours after 
the last injections), incorporation of thymidine was assayed 
in ~ Vitrotlor yin” Vivor fas® describedsin Chapter Lis ’in one 
experiment, animals were treated with dihydrotestosterone 
alone, and dibutyryl cyclic AMP plus theophylline were added 
to the incubation mixture in vitro at a concentration of 1 
mM each. Abbreviations used are DHT for dihydrotestosterone 
and Db cyclic AMP for dibutyryl cyclic AMP. Results are 
shown as meantS.F&. for at least three experiments or else as 
Single determinations. 
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The findings presented in this chapter show that cyclic 
AMP is not involved in androgen-stimulated cell 
proliferation, either as a mediator or as a modulator. It 
neither stimulates prostatic SORT toe ue nor modifies the 
growth response of prostate to dihydrotestosterone. These 
results are in agreement with the findings that androgens do 
not stimulate adenylate cyclase (Rosenfeld and O'Malley, 
19703" Liao et al; 1971; Mangan ‘et.al, 1973), and that the 
level of cyclic AMP remains constant during atrophy and 
regeneration of the prostate (Craven et al, 1974). The 
inhzbetiony (by) (cyclic AMP of incorporation of thymidine sis 
apparently not at the level of DNA synthesis itself, since 
production of DNA is not affected, but may be due to an 
effect on uptake or fers enon of exogenous precursor. This 
poLitsisinportant insofkersas rate of *cellyprolzfieratioen is 
routinely measured by rate of incorporation of labeled 


thymidine. 


Therefore, it appears that if cyclic AMP does have any 
restricted effects on the prostate, these effects are 
insignificant relative to the wide spectrum of biochemical 


changes elicited by androgens. 
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VII. CONCLUSIONS 


The responses of the rat prostate to depletion and 
restoration of androgens have been developed as a model 
system for the study of steroid hormone action and the 
fundamental biological processes of tissue atrophy, cell 
proliferation, and cell differentiation. The advantages of 
this system include the ready availability of sufficient 
quantities of tissue for biochemical studies, the ability to 
induce the various responses with a known and reproducible 
time course by hormonal manipulation, the availability of 
hormone antagonists as a test for specificity of the 
responses, the wealth of biochemical and structural 
information accumulating concerning prostatic function, the 
apparent homogeneity of response to hormcne in the prostatic 
cell population, and the fact that androgens appear to be 
the sole hormones on which normal prostatic function 
depends. In addition, understanding the mechanisms involved 
in regulation of normal prostatic growth would contribute to 
knowledge about regulaticn of growth in many other normal 
tissues, and would provide a standard against which to 
compare the abnormal growth *conditicns foi” \prostatic 


carcinoma and benign prostatic hyperplasia. 
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tt has been shown in Chapter IV that the response of 
the prostate to androgens depends on how long animals have 
been castrated prior to initiation of treatment. In animals 
castrated less than three days, the cellular complement has 
not fallen below normal, and the response to hormone is 
secretion “rather than proliferations in long term castrates 
(four days or more), the initial response is proliferation 
until the normal cellular complement has been restored, and 
then the response switches to secretion. Thus in studies of 
androgen action, the duration of castration must be chosen 


so as to produce the response one wishes to study. 


The relative effects of the various androgens and their 
metabolites have never been clearly defined because most 
studies have used prostatic weight as an index of potency. 
The systems developed in Chapter IV provide the ability to 
test androgens independently for their potency with regard 
to stimulation of proliferation and of secretion. One point 
that has emerged from studies of the relative potency of 
various androgens is that these effects may be due to 
differences in the amount of hormone actually reaching the 
target tissue after injection of equal doses rather than to 
a true difference in potency. For example, testosterone 
propionate appears to be almost as active an androgen as 


dihydrotestosterone, while testosterone is less. potent 
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(Coffey et al, 1968; Schmidt et al; 1972; Tuohimaa et al; 
1973; plus results in Chapter IV). This may be due to the 
fact that the solubilities of testosterone propionate and of 
dihydrotestosterone are similar, while testosterone is less 
lipid soluble. Thus one must ensure that, when potencies are 
compared, the same mode of administration has been used, and 
one must bear in mind that in different injection vehicles 


the relative potencies of androgens may change. 


The suggestion has been made (Robel et al, 1971) that 
the various androgen metabolites have different effects on 
the prostate. These findings and the results presented in 
Chapter IV indicate that dihydrotestosterone is more potent 
as a stimulus for proliferation than testosterone, but that 
testosterone may be a stronger stimulus for secretion. If 
this hypothesis is true, then changes in the uptake or 
metabolism of administered hormones could be important 
elements regulating the prostatic response to androgens. For 
example, the slower proliferative response induced by 
testosterone could be due to time reguired for induction of 
5alpha-reductase to convert it te dihydrotestosterone, and 
the switch of the prostate from proliferation to secretion 
once the normal cellular complement has been restored might 
be a result of changes in the intracellular concentration of 
the various androgen metabolites. The model systems 
developed in Chapters III and IV can be used to examine 


changes in hormone uptake and metabolism following 
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castration and at various stages of regeneration. 


Information accumulating about specific protein 
receptors for steroid hormones indicates that they are 
involved in transport of the hormone into the nucleus where 
it can interact with chromatin reece and Bruchovsky, 
1973). Thus these receptors may be a part of a mechanism 
whereby any changes in uptake and metabolism of hormone 
might be effected. The model system developed offers an 
opportunity to study whether changes in proliferative and 


functional status of the prostate are accompanied by changes 


in the receptors. 


The interaction of steroids with chromatin is a subject 
that promises to yield much valuable knowledge about 
regulation of gene activity in general. Chromatin fron 
unstimulated cells and from cells that are proliferating or 
differentiating can be compared, and the specific components 
of chromatin with which radioactive steroids interact can be 


determined. 


ROLE OF ANDROGENS IN MAINTENANCE OF THE NORMAL PROSTATE 


a Se eS 


The process of prostatic atrophy appears to be 
characteristic of degenerative processes in general in that 
it involves loss of cells by autodigestion, but different 
from atrophic processes in tissues such as muscle which do 


not involve loss of cells but rather result from decreases 
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in cell size. Prostatic atrophy is an active process and not 
due merely to a cessation of cell production accompanied by 
continuation of normal turnover. Cell production does stop 
almost immediately (Chapter III), but the subsequent loss of 
cells is much more rapid than would be expected from normal 
turnover. Autolysis of cells is thought to be caused by the 
action of degradative enzymes, such as nucleases and 
proteases, normally confined to the lysosomes, which 
apparently are released when the level of androgens drops 
following castration. Thus the simplest interpretation of 
the role of androgens in preventing prostatic atrophy is 
that they repress the synthesis and/or activation of 


lysosomal degradative enzymes. 


However the situation must be more complex than a 
simple repressive effect of androgens on lysosomes, since if 
this were the case all the cells should disappear following 
castration, but, as shown in Chapter III, this does not 
occur. One means by which survival of the prostate could be 
accomplished would be the existence of a specific 
subpopulation of cells in the normal prostate whose 
integrity does not depend cn the presence of androgens. An 
attempt was made in Chapter III to test this possibility by 
determining whether cells in the normal prostate that can 
incorporate labeled thymidine can preferentially survive 
castration, but results were negative. Another possible 


characteristic that might distinguish such a putative 
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subpopulation would be the way it handles androgens, such as 
differences in receptors or metabolizing enzymes. This could 
be studied by following enrichment or depletion of these 
substances in the surviving cell population during the 
course of castration. Even if the postulated surviving 
population does exist, it does not escape entirely the 
effects of androgen deprivation, since the cells surviving 
castration have lost most of their cytoplasm and their 
functional capacity. Thus a limited amount of autolysis must 
have occurred in these cells. Hence a second possibility is 
that survival of a small number of cells, albeit 
functionally inactive cells, could be due to a reguirement 
for continued production of lysosomal enzymes in order for 
autolysis to proceed. Since protein synthesis ceases after 
castration, the cells that have not been completely digested 
when degradative enzymes are depleted might be the ones to 
survive castration. A variation of this possibility would be 
the existence of a diffusible factor required for lysosome 
function secreted by the prostatic cells, acting on the 
tissue as a whole, and antagonized by androgens. When the 
number of cells had declined to a level below which 
subthreshold amounts of this factor were produced, autolysis 
would stop. The latter two possibilities predict that loss 
of cells following castration is random, while the first 
predicts that there is a subpopulation in the normal 


prostate predestined to survive castration. 
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EGULATION OF PROSTATIC PROLIF 


—LE_ PROSTATIC. PROLIFERATION AND DIFFERENTIATION 


The initiation of DNA synthesis in the 7 day castrate 
prostate after hormone restoration is an event with a 
closely defined time course (Chapter IV). At 24 hours no DNA 
Synthesis is detectable, while at 36 hours incorporation of 
thymidine is significantly elevated above control levels, 
and by 48 hours it is almost 100 times the control level. 
Thus the events occurring between 24 and 36 hours are 
probably tLhesokey to regulation» of *inttiation” of DNA 
synthesis. Celis can be compared at various times between 96 
and 48 hours after initiation of treatment and appearance of 
stimulatory factors or disappearance of inhibitory factors 
could be measured with a suitable assay system. Detailed 
studies of RNA and protein synthesis and changes in 
chromatin during this period would undoubtedly provide 
valuable information about the processes involved in 
converting a quiescent cell population to a proliferating 


one. 


The kinetics of cellular proliferation during the 
regenerative process, as studied in Chapter V, enable one to 
eliminate several possible mechanisms that might be involved 
in limiting the size of the prostate. Firstly, there does 
not appear to be a small stem cell population that cycles 
continuously, but rather all cells that survive castration 
probably proliferate at some time during regeneration. 


Secondly, proliferation does not seem to be limited by 
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depletion of some essential substance after a given number 
of divisions, since any given cell can apparently divide 
from one to four times. This conclusion is supported by the 
results with 4 day castrates reported in Chapter IV. In this 
case, if the cells underwent the same number of divisions as 
do those in 7 day castrates, then the result would be a 


hyperplastic prostate; however, this is not observed. 


The cessation of proliferation does not occur because 
of loss of hormonal effects, since the prostatic weight 
continues to increase dramatically long after the number of 
nuclei has stopped increasing (Chapter IV). This shift in 
the response from proliferation to secretion must be due to 
some changes in the cells themselves. As discussed above, 
one type of change that could be envisaged would be an 
alteratzon/ingcthe “manner in which weellssptake up’ sand 
metabolize hormone. However, all results in Chapter IV point 
to the number of cells in the prostate as the key factor 
determining whether the response is proliferation (number of 
cells below normal) or secretion (number of cells normal). 
It is difficult to see how this type of regulation could be 
accomplished without some sort of mechanism dependent on 
total cell number. A negative feedback type of control, such 
as the chalone hypothesis of Bullough et al (1967), would be 
the simplest mechanism that could link the response to total 
¢ell numbers «If functional ‘prostatic ~“cellis» i produced an 


inhibitor of proliferation such that the amount produced by 
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the normal number of cells were just sufficient to shut off 
proliferation, then proliferation would occur only when the 
number of cells had fallen below the normal level, and would 
be shut off in a regenerating population once the normal 
cellular complement had been restored, in accordance with 
the experimental observations. This key regulatory mechanism 
would be independent of hormone, although one of the means 
by? whaicho “it “might>*control- Sproliferation * cotid “be by 
affecting the uptake and metabolism of hormone. In effect, 
then, there would be two superimposed mechanisms regulating 
prostatic size, one internal (feedback inhibitor) and one 
external (androgen). Androgens would be necessary but not 


Sufficient ior proliferation: 


The response of the prostate to androgens is also an 
excellent system in which to study the relationship between 
proliferation and differentiation. Some indirect evidence 
indicating that secretion might not occur before 
proliferation is complete can be found in the studies in 
Chapter IV on the effects of testosterone on stimulating 
prostaticsigrowth in® /4eday” castrates."aWet Weight is noc 
stimulated to increase at a rate greater than the rate of 
increase in numbers of nuclei. If the hypothesis of Robel et 
al (1971) that testosterone has more marked effects on 
sectetion than. ton “proliferation “is® correct; * then” ©this 
finding suggests that secretion cannot be stimulated unti 


proliferation has been completed. Since the differentiated 
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functions of the prostate have been quite well 
Characterized, it is possible to assay biochemically for 
functional capacity, rather than relying on wet weight as an 
indicator, as in the present study. Such studies could 
determine directly whether differentiation occurs 
Simultaneously with proliferation, or whether proliferation 
must be completed before secretion commences. This 
distinction has important implications for the model of 
regulation of prostatic: proliferation proposed above. If 
secretion were found to be stimulated prior to restoration 
of the normal cellular complement, then androgens could be 
considered to be the sole regulators of prostatic function, 
and it would be unnecessary to propose a superimposed 
internal control mechanism such as appears to be necessary 
for regulation of proliferation. If, on the other hand, 
secretion were not stimulated until proliferation had been 
completed, then it would appear that an internal control 
mechanism complementary to the one regulating proliferation 


might exist. 


In summary, the dependence of the proliferative 
response of the prostate primarily on the size of its 
cellular complement and secondarily on the presence of 
androgen indicates that the potential of the prostate for 
proliferation is determined by some internal control 
mechanism based on the total number of cells present. 


Androgen is necessary for expression of this potential but 
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cannot override the internal control mechanism. Prostatic 
secretory function may depend exclusively on the presence of 
androgen or it may also be governed by some internal 
mechanism linked to the one regulating proliferation. It is 
possible that in prostatic carcinoma or benign prostatic 
hyperplasia the cause of the abnormal growth may be a defect 
in the internal control mechanism that fails to shut off the 


proliferative response to hormone. 
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